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During the 21 day incubation period, the fertile egg provides nutrients such as 
fatty acids for energy and polyunsaturated fatty acids (PUFA) for membrane synthesis to 
the developing chick.  The hypothesis tested in the present study is that the type of PUFA 
fed to the breeder hen can alter tissue lipid composition and PUFA metabolism in the 
progeny during growth.  The objective of the present study was to test two different 
sources of PUFA (n-3 or n-6) on: 1) egg production, egg, and chick quality; and 2) 
changes in tissue PUFA composition and metabolism in progeny during growth.  
Fertilized eggs (n=240) were collected from Ross breeder hens (n=45) fed one of the 
three experimental diets containing 3.5% fish (long chain n-3), flax (18:3 n-3), or 
safflower oil (18:2 n-6).  The egg and yolk weight was lowest for eggs from hens fed fish 
oil (P=0.09, P=0.02).  The chick weight on day of hatch was 41.2, 45.3, and 43.3g, for 
fish, flax, and safflower, respectively (P=0.003).  In the second experiment fertilized eggs 
were collected from Lohman Brown layer hens (n=75) fed a control, high n-3, or low n-3 
diet.  Chicks were raised up to day 14 on a control diet lacking long-chain n-6 and n-3 
fatty acids.  Chick tissue samples (gastrointestinal tract, liver, and blood) were collected on day 1, 7, and 14 and were subjected to fatty acid (FA) and interleukin-6 (IL-6) 
analysis.  The long-chain n-6 to long chain n-3 ratio was lowest in the duodenum, 
jejunum, ileum, and liver from chicks hatched from fish oil fed hens (P<0.001) up to day 
14.  Interleukin-6 was lowest in liver (P=0.009) and serum on day of hatch, for fish oil 
chicks.  The results from this study show that the diet fed to breeder hens alters progeny 
tissue PUFA composition and lipid metabolism during early development in avians.  The 
long term effects of maternal diet manipulation on progeny growth and lipid metabolism 
need to be investigated in detail.    
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1 Introduction 
Nutrition is the corner stone of a healthy functioning body.  Too much or too 
little of a nutrient and serious health consequences can occur.  It is essential that the 
correct nutrients be supplied, in the correct amounts, at the appropriate life stages in 
order for an organism to develop and function normally. 
One of the most important nutrients is fat.  Fat supplies the body with a source 
of high calorie energy and many fats are modified and stored in cell membranes for 
later use.  We know from studies that the different fats are preferentially deposited in 
certain organs of the body.  A study done on chickens fed diets varying in the 
concentrations of n-6 and n-3 polyunsaturated fatty acids (PUFA) and long-chain 
(LC) PUFA (greater than 20 carbons) eicosapentaenoic acid and docosahexaenoic 
acid (EPA and DHA), showed that the body would preferentially store n-3 LCPUFAs 
in the brain even when n-3 PUFAs were at a minimum in the diet (Poureslami et al., 
2010a,b).  When higher concentrations of n-3 LCPUFAs were available, the 
concentration in the brain and other tissues increased significantly when compared to 
diets high in n-6 PUFAs (Poureslami et al., 2010a,b).   
This indicates that the body may need certain fats in higher concentrations in 
particular organs of the body for a variety of uses.  Chemical signals used by the body 
are most commonly formed from amino acids and lipid metabolites.  Since the 
immune system commonly uses n-3 and n-6 LCPUFAs as inflammatory and anti-
inflammatory signals, the type and form of n-3 and n-6 PUFAs provided in the diet 3 
 
 
can have beneficial or detrimental effects on the immune cells themselves or 
stimulate and/or inhibit the overall immune responses (Calder, 2008; Calder, 2009). 
Fats have four essential roles in the body; 
1)  As sources of biochemical energy and they are involved in 
physiological functions.  Fats can be utilized immediately as a 
source of energy or can be stored in the form of triacylglycerols for 
later use. 
2)  Fatty acids are essential components of phospholipids and 
glycolipids that function in cellular membranes, altering membrane 
fluidity, and other physiological functions. 
3)  Fatty acids can be used to modify proteins by covalent attachment 
that then signal the location of a cellular membrane where the 
protein is to be inserted. 
4)  The derivatives of fatty acids can function as intracellular 
messengers and as hormones to alter functions in the body. 
An organism cannot survive without food, but equally important for survival 
is a functioning immune system.  Without some form of immune system, an organism 
would die within a day from infection.  Some of the immune system cells are: B-cells, 
T-cells, dendritic cells (DC), macrophages, and a number of white blood cells 
(WBC).  The immune system functions to prevent foreign pathogens from entering 
and disrupting metabolic pathways. It accomplishes this goal by communicating via 
cytokines and chemokines produced by immune system cells. 4 
 
 
 In the food animal production industry, animals are subjected to many 
stressors and pathogens that cause an inflammatory response.  These responses can 
have negative impacts on animal growth by decreasing appetite slowing the growth 
rate.  Requisitioning needed nutrients from growth to immune response can result in a 
loss of skeletal muscle.  Inflammatory responses can cause morbidity, which in turn 
costs money to treat or even loss of the animal due to mortality.  By finding ways to 
decrease inflammation through diet, we can potentially enhance bird welfare and 
economic returns.  Modern day broiler chickens are marketed at 39-42 days after 21-
day egg incubation.  During the incubation period, egg yolk lipids serves as the sole 
source of energy and PUFA to the developing chick. The hypothesis tested in the 
present study is that the type of PUFA fed to the breeder hen can alter tissue lipid 
composition and PUFA metabolism in the progeny during growth.  The objectives of 
the thesis are to evaluate how breeder hen dietary PUFA manipulation is able to 
influence the FA composition of the tissues and the potential for reduction in 
inflammatory markers in progeny chicks.   
 5 
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2  Literature Review 
2.1 Fats in Poultry Diets 
Fat is one of the most important macronutrients in poultry diets.  Fats have a 
multitude of roles in the body, but they are first and foremost an energy source.  Fats 
per gram pack more energy than any other nutrient source.  One gram of fat provides 
nine calories, whereas one gram of carbohydrates or protein only provides 4 calories.  
Dietary fats also provide essential fatty acids (EFA) which serve as precursors of 
polyunsaturated fats involved in structural cell membrane lipid synthesis. Fatty acids 
(FA) are the main structural unit of lipids. Fatty acids are made up of a carbon 
backbone, with hydrogens attached to the carbons.  At one end of the FA there is a 
carboxyl group consisting of a hydroxyl (OH) group bound to a carbon and an oxygen 
double bonded to the same carbon.   
Fatty acids are classified by the number of carbons that make up the back 
bone of the fatty acid, and the number of double bonds that are present in the fatty 
acid.  Fatty acids that contain no double bonds are called saturated fatty acids (SFA) 
because every carbon has the maximum number of hydrogens bound to it, and the 
carbon backbone is saturated.  In contrast unsaturated fatty acids contain at least one 
double bond between two adjacent carbons. Poultry are not able to synthesize all fatty 
acids and thus, some are considered essential fatty acids such as linoleic (C18:2 n-6) 
and ʱ linolenic (C18:3 n-3) fatty acids and the dietary intake is the sole source of 
these fatty acids. 
 7 
 
 
2.2 Fat Digestion and Absorption in Poultry 
Dietary fats in poultry can be from animal and plant sources. Some of the 
commonly used fats in poultry diets are animal tallow and grease from rendering and 
food industry as well as vegetable oil and oil seeds such as flax and canola. Poultry 
are monogastrics, but their digestion differs from other monogastrics.  Chickens do 
not have mechanical chewing hence, food is swallowed in large or small particles.  
From the mouth food passes down the esophagus and into the crop, where it can be 
stored; from here it passes into the proventriculus.  The proventriculus in chickens is 
where digestion begins with the action of gastric secretions, pepsin and HCl.  Both 
pepsin and HCl are produced by oxynticopeptic cells (Olowo-Okorun and Amure, 
1973).  This differs in most monogastrics as pepsin and HCl are produced in separate 
cell types.  The food bolus then moves into the gizzard, which serves to grind and mix 
the food much as chewing does in other monogastrics, creating chyme.  It is thought 
that little proteolytic digestion occurs in either the proventriculus or the gizzard.  The 
chyme then enters the small intestine (SI), which is comprised of the duodenum, 
jejunum, and the ileum.  The duodenum and jejunum are the major sites of digestion 
and absorption with some occurring in the ileum.  The ceca can be a site for 
fermentation; both the ceca and large intestine (LI) are sites for water re-absorption.   
Lipid digestion in poultry is similar to other monogastrics in the majority of 
ways, but and some differences do exist. Lipid digestion in poultry begins in the 
duodenum, where triacylglycerides (TAG) and other fat-soluble compounds are 
emulsified through the action of bile salts, produced from the gall bladder, and 8 
 
 
phospholipids (Krogdahl, 1985; Coleman and Lee, 2004).  Pancreatic lipases act on 
TAGs and cleave FA from the sn1 and 3 positions, leaving a monoacylglyceride 
(MAG) with a FA in the sn2 position (Mu, 2004).  The bile salts, lipases, MAG, 
phospholipids, cholesterol, FA and other fat soluble compounds form a mixed 
micelle.  The micelle sits near the unstirred water layer of the intestinal epithelial, fats 
are then transported across the enterocyte membrane.  In poultry, the jejunum is the 
major site of lipid absorption, although some absorption occurs in the ileum 
(Krogdahl, 1985).     
Once the FA enters the enterocyte a fatty acid binding protein (FABP), 
facilitates transport of long-chain FA through the cytosol (Krogdahl, 1985).  The 
FABP displays more affinity for unsaturated than saturated FA, and the concentration 
of FABP decreases distally through the small intestine (Krogdahl, 1985).  
Triacylglycerides are now re-synthesized using the MAG and phosphatidic pathways.  
It should be noted that glycerol and short chain FA (SCFA), FA under 10 carbons in 
length, can be absorbed directly across the intestinal wall, via passive transport, and 
into the cell, from here they can pass directly into mesenteric blood supply and then 
into the portal blood (Ratnayke et al., 2009).   
For those FA that cannot enter the portal blood stream directly the enterocyte 
forms portomicrons.  Portomicrons are avian versions of chylomicrons, they are 
formed of proteins, mainly apo B-100, apo A-I, apo AIV, and apo C (Alvarenga et al., 
2011).  Hydrophobic TAG comprises approximately 90% of the interior of the 
portomicron with the other 10% in the form of cholesterol and other hydrophobic 9 
 
 
compounds (Alvarenga et al., 2011).  Due to the poorly developed lymphatic system 
in poultry, the portomicrons enter the portal blood stream and deliver their TAG 
directly to the liver (Alvarenga et al., 2011).  An as yet unidentified low density 
lipoprotein receptor (LDLR) on the liver recognizes the portomicron and signals the 
liver to uptake the TAG from the portomicron (Alvarenga et al., 2011). 
Once the TAG enter the liver they are repackaged, along with any de novo 
TAG, into very low density lipoproteins (VLDL), the major proteins of which are, 
apo B-100, apo A-I, apo C-II, and apo C-III (Walzem et al., 1999).  The VLDL are 
then released in the blood stream where they travel to non-hepatic tissues and bind 
with VLDL receptors (VLDLR) on the endothelial surface of blood vessels where 
they are acted upon by lipoprotein lipase (LPL) (Alvarenga et al., 2011).  The FA 
enter cells (e.g. muscle, other tissues), and they are oxidized or re-synthesized into 
TAG and stored in adipose tissue (Alvarenga et al., 2011).  Once the VLDL is 
depleted of TAG it becomes a VLDL remnant and returns to the liver (Alvarenga et 
al., 2011). Lipoprotein lipase is activated by insulin and predominantly synthesized 
by muscle tissue and, to a lesser extent in chickens, in adipose (Alvarenga et al., 
2011).   
2.3 Essential Fatty Acid Metabolism and Polyunsaturated Fatty Acid 
Synthesis 
Not all fats are created equal and some forms of fatty acids are more useful as 
bioactive precursors than are others.  Among some of the most functional of the 
dietary fats are the essential fatty acids (EFAs), the n-6s and the n-3s.  The two most 10 
 
 
common essential fatty acids consumed in the diet are the shorter chain essential FAs, 
linoleic (C18:2 n-6) and ʱ-linolenic (C18:3 n-3).  However, the longer chain EFA, 
docosahexaenoic acid (DHA) (C22:6 n-3), arachidonic acid (AA) (20:4 n-6), are 
available via dietary sources.  In essential FA metabolism, the essential FAs are 
elongated and more double bonds may be added.   
The pathways for elongation and desaturation of n-6 and n-3 FA are shown 
below: Enzymes involved in the pathways are shown in parenthesis (Brenner, 1971; 
Leonard et al., 2004) 
  C18:2 n-6 (elongase) → C20:2 n6 (elongase) → C22:2 n-6   
C18:2 n-6 (Δ6desaturase) → C18:3 n-6 (elongase) → C20:3 n-6 
(Δ5desaturase) → C20:4 n-6 (elongase) → C22:4 n-6 (Δ6desaturase) 
→ C22:5 n-6 
  Pathways for n-3 FA: 
  C18:3 n-3 (elongase) → C20:3 n-3 (elongase) → C22:3 n-3 
C18:3 n-3 (Δ6desaturase) → C18:4 n-3 (elongase) →C20:4 n-3 
(Δ5desaturase) → C20:5 n-3 (elongase) → C22:5 n-3 (Δ6desaturase) 
→ C22:6 n-3 
The above processes, both the n-6 and n-3 fatty acids, utilize the same 
enzymes for elongation and increasing the number of double bonds in the FA.  Due to 
this competition between the n-3 and n-6 FAs for the enzymes, higher consumption of 
one will out compete the other in the body, simply by being able to saturate the 
available enzymes (Harnack et al. 2009).  In essence high consumption of n-6 fatty 11 
 
 
acids means that one will have more long-chain n-6 fatty acids incorporated into their 
phospholipids for use in their cellular membranes and vice versa (Jump, 2002).  This 
elongation and desaturation process produces the two long-chain fatty acids, DHA 
and AA.  The two FA that are of the most biological significance in the cells are AA 
and DHA. 
After this metabolic process has occurred, the LCPUFA can now be 
incorporated into phospholipids (PL).  Phospholipids consist of a backbone that 
anchors one or more fatty acids, a phosphate group, and an alcohol group.  The 
backbone can be either sphingosine or glycerol, with glycerol being the most 
common.  The hydroxyl groups that are anchored to the phosphate group attached to 
the backbone are varied and each helps to determine the cellular function of that 
phospholipid. 
Long-chain PUFA, especially DHA and AA, are highly concentrated in neural 
tissue and the retina of the eye because these tissues are involved in a variety of 
biological functions that are essential to ‘high traffic’ areas in the body.  The long-
chain PUFA have many double bonds, this causes their molecular structure to be bent 
in a hair pin turn (see figure 1).  When attached at the sn-2 position on a phospholipid 
and inserted into the cellular membrane these PUFA cause an increase in spacing 
between adjacent phospholipids.  This in turn causes the membrane to increase in 
fluidity.  This increase in fluidity can then increase the mobility factor for integral and 
trans-membrane proteins that function in cell signaling.  It also increases the surface 
area of the cell. 12 
 
 
 
 
Figure 1: Example of LC n-6 FA structure 
Arachidonic acid plays an important role in cell signaling because it almost 
always forms the second FA of phosphatidylinositol.  Phosphatidylinositol is a vital 
secondary messenger component to many cell signaling cascades (Berg et al., 2007).  
When activated phosphatidylinositol splits into diacylglycerol and inositol 1,4,5-
triphosphate, both of these molecules have important roles as intracellular 
messengers.   
These two LC-PUFA can also interact directly with proteins in the cellular 
membrane acting to hold proteins in place, such as DHA and rhodopsin in the eye.  
They can form lipid rafts in the phospholipid bilayer.  These lipid rafts are regions in 
the cellular membrane where proteins congregate.  Many proteins in the cellular 
membrane must dimerize in order to activate second messengers inside the cell.  By 
forming regions where these proteins can be near each other the rate at which protein 
dimerization occurs can be increased, thus increasing the rate of signal transduction.  
Docosahexaenoic acid and AA also function in the sphingolipids that make up the 
myelin sheath that insulates nerve cells.  This insulation allows electrical nerve 
signals to be transmitted down long pathways without being dispersed, much like the 
insulation on the wiring in your house. 13 
 
 
Polyunsaturated FA make up part of the cellular membrane when they are 
attached to the sn-2 position of phospholipids.  These fatty acids, through enzymes, 
can be modified to form eicosanoids, 20 carbon metabolically active molecules that 
promote or inhibit inflammatory responses.  Examples of eicosanoids are 
prostaglandins and leukotrienes.  The n-6 FA form eicosanoids that promote 
inflammation where n-3 FA form eicosanoids that inhibit the inflammatory response.  
DHA can be metabolized into docosanoids, which function as neuroprotective 
metabolites.  These docosanoids serve to inhibit the inflammatory process and 
oxidation by decreasing the number of scavenging free radicals in the tissue. 
The eicosanoid product that is produced and its function are highly correlated 
with the type of FA that was used to produce the eicosanoid.  Eicosanoids produced 
from n-6 LCPUFA such as AA form products that increase the inflammatory 
response in the body, increase platelet aggregation, and increase vasoconstriction 
(Gogus and Smith, 2010).  Eicosanoids that are produced from n-3 LCPUFA, such as 
DHA and EPA, form eicosanoid products that are anti-inflammatory in nature, reduce 
platelet aggregation, and decrease vasoconstriction.  Following are a few examples of 
how eicosanoid products function in the body.  
One major role that many PG serve is the control of smooth muscle 
contraction (Hadley and Levine, 2007).  Prostacyclins (PGIs) are a variation of PGs 
and are mainly produced by endothelial cells.  PGIs alter blood platelet aggregation.  
For example, PGI2 reduces blood platelet aggregation by binding to a receptor, which 
activates adenylate cyclase, which then increases the cellular concentration of cAMP, 14 
 
 
eventually causing a decrease in the ability of platelets to ‘stick’ to each other 
(Hadley and Levine, 2007).   
The other group of molecules that play a role in platelet aggregation are the 
thromboxanes (TXA).  When TXA are produced from the action of cyclooxygenase-2 
(COX2) on an n-6 FA, TXA2 is formed.  Thromboxane A2 increases platelet 
aggregation.  However, when COX2 acts on n-3 FA the metabolite that is formed is 
TXA3.  Thromboxane A3 inhibits TXA2 and decreases platelet aggregation thereby 
reducing the risk of a blood clot.  Thromboxanes are also capable of altering 
vasoconstriction in smooth muscle tissue (Hadley and Levine, 2007). 
  Leukotrienes (LTB/LTC/LTD) are produced by leukocytes and are a family 
of bioactive lipids.  Some examples of what leukotrienes are capable of doing are; 
inducing vascular constriction, vascular permeability, myocardial depression, mucus 
production, and attracting other leukocytes to the site of an injury.  These molecules 
can have wide ranging effects at the level of the system and have the potential to 
affect respiratory, cardiovascular, and gastrointestinal systems (Hadley and Levine, 
2007).  Some of the disorders and diseases that have been linked to the altered 
production of leukotrienes are: asthma, cystic fibrosis, inflammatory bowel disease, 
and myocardial ischemia (Hadley and Levine, 2007). 
2.4 Egg Lipid Composition and Formation 
Eggs yolks are rich in lipids, approximately 60% on a dry matter basis, with 
around 65% in the form of TAG, 25% as phospholipids, 6% as free cholesterol, and 
1% as cholesterol esters (Speake et al., 1998).  The first stage of yolk formation is 15 
 
 
delivery of lipids to the developing oocyte.  A special form of VLDL, known as 
VLDLy (yolk), is used to transport de novo TAG from the liver to the ovary (Speake 
et al., 1998).  The majority of the egg laying hen’s TAG are not catabolized in tissue, 
but are deposited into oocytes (Walzem et al., 1999).  No exogenous lipids are 
transported from the liver to the yolk, only de novo TAG are packaged into VLDLy 
for transport (Alvarenga et al., 2011).  This allows for complete control over the lipid 
composition of the yolk, the only influence exogenous sources of lipids have on yolk 
composition are the lipid precursors provided in the diet.   
Very low-density lipoprotein-yolk is about half the size of normal VLDL and 
has a protein on it, VLDL-II that has a low affinity for LPL.  This prevents premature 
loss of lipids into tissues, allowing the contents of the VLDLy to be delivered to the 
ovary intact (Alvarenga et al., 2011).  Unlike mammals a large amount of TAG 
synthesis occurs in the liver of chickens, for hens that are laying eggs de novo 
lipogenesis is ‘ramped’ up to provide the developing oocyte with sufficient quantities 
of lipids.  Lipogenesis is increased in laying hens through the coordinated actions of 
the hormones, most notably an increase in plasma estrogen (Speake et al., 1998).  The 
hormone changes in the laying hen result in an increase in TAG production, resulting 
in an increase in liver size, alteration in liver color as well as its tonality (Alvarenga et 
al., 2011).  There is also an increase in production of VLDL-II, vitellogenin (a 
lipoprotein precursor), vitamin-binding proteins, and lipogenic enzymes by the liver 
(Speake et al., 1998).   16 
 
 
Once the VLDLy is secreted from the liver, it travels through the blood supply 
to the ovary where it encounters the basal lamina, a barrier that covers the follicle that 
prevents portomicrons from entering the follicle (Alvarenga et al., 2011).   When the 
protein, apoB, on the VLDLy binds to receptors on the basal lamina, endocytosis is 
triggered and the contents of the VLDLy are deposited into the oocyte (Speake et al., 
1998).  Once uptake has occurred, apoB is cleaved as is vitellogenin to produce 
lipovitellin and phosvitin, whereas the lipids remain unaltered (Speake et al. 1998).  
Before ovulation occurs, the endocytosed vesicles, which are packed with lipids, are 
fused together to form large membrane bound vesicles that also contain phosvitin and 
lipovitellin (Speake et al., 1998). 
There are factors that affect the composition of yolk lipid content, mainly the 
dietary availability of n-6 and n-3 FA.  The FA content of plasma VLDL is almost 
identical to lipid content of VLDLy, there are however some differences in overall 
content (Speake et al., 1998).  The VLDL contains a higher concentration of CE 
(15%), FC (8%), and a lower concentration of TAG (55%) and PL (19%) (Speake et 
al., 1998).  Both the total concentration of cholesterol, free cholesterol (FC) and 
cholesterol esters (CE), is higher, 7% in VLDLy versus 23% in VLDL and the ratio 
of FC:CE  (6% versus 7%) is higher in VLDL (Speake et al., 1998).  The effect that 
dietary FA exerts over yolk FA composition appears to be mainly on the ratio and 
types of n-3 and n-6 FA.  The major saturated and unsaturated FA can easily be 
synthesized in the liver of the hen from carbohydrates provided in the diet, but since 
neither n-3 nor n-6 FA can be synthesized they must be supplied in the diet. 17 
 
 
The inability of the hen to synthesize n-3 and n-6 FA leaves the yolk open to 
dietary manipulation.  The hen is able to synthesize some n-3 and n-6 LCFA, if 18:2 
n-6 and 18:3 n-3 are provided in the diet, via desaturation and elongation in the liver.  
Some studies have shown that the hen liver is more efficient at converting C18:3 n-3 
to C22:6 n-3 than in converting C18:2 n-6 into C20:4 n-6 (Speake et al., 1998).  It is 
known that as the level of ʱ-linolenic acid (ALA) in the diet increases, the level of 
ALA and DHA in the yolk also increases (Speake et al., 1998).         
2.5 Lipid Transfer from Egg Yolk to Developing Chick Embryo 
When ovulation begins the oocyte enters the oviduct, where it may encounter 
sperm and fertilization occurs and cell division begins alongside the yolk sac.  The 
egg is then laid and embryonic development may proceed.  The only nutrients 
supplied to the developing embryo are those provided by the yolk sac membrane 
(YSM).  The YSM supplies the embryo with, lipids, proteins, vitamins, and trace 
elements (Speake, 2003).  The only exchanges that occur between the egg and the 
outside environment are those of heat, water, and gases.  The YSM forms in the early 
stages of embryonic development along with the chorioallantoic membrane, which 
lines the inner surface of the shell and is highly vascularized (Speake., 2003).  During 
the first week the YSM grows outward from the embryo to surround the yolk, 
eventually the YSM form many invaginations into the yolk to increase its surface area 
(Speake et al., 1998).  The high degree of vascularization in the YSM supply the 
embryo with nutrients via the portal circulation, because the place where the YSM 18 
 
 
connects to the gut is blocked by an intestinal loop, preventing direct absorption from 
the yolk into the GIT (Speake et al., 1998).   
The YSM performs several key functions for the developing embryo; it 
provides nutrients (mainly in the form of lipids from the yolk), it can form 
lipoproteins, and it can restructure lipids through the elongation/desaturation pathway 
(Speake et al., 1998).  Lipids are transferred from the yolk to the embryo by 
phagocytosis in the coated pit regions of the YSM micro villi (Speake et al., 1998). 
Once TAG have been taken up from the yolk they are hydrolyzed, by a lipase, at the 
sn1 and sn3  positions, and two FA and sn2 MAG are produced (Speake et al., 1998).  
These molecules are then moved to the endoplasmic reticulum (ER) where re-
esterification occurs for packaging into VLDL and delivery to portal circulation 
(Speake et al., 1998). 
2.6 Modification of Egg Yolk Lipids by the Yolk Sac Membrane  
    In order for the VLDLy to reach the oocyte intact, it must be able to 
navigate the hen’s body without interacting with tissues.  These adaptations, though 
beneficial to the oocyte, will not benefit the developing embryo.  Therefore, once the 
TAG and its associated proteins enter the YSM, it must undergo modifications in 
order for delivery to embryonic tissues to be possible.  Modifications that occur in the 
YSM include, FC is esterified to CE, an increase in oleic acid, and increases in AA 
and DHA (Speake et al., 1998).  In the yolk, both AA and DHA are stored in PL, 
conversely, the YSM contains higher levels of AA both in TAG and PL form, with 
the majority of AA found in the PL form.  Docosahexaenoic acid is also found in 19 
 
 
higher levels in the YSM both in the form of TAG and PL than in the yolk, but a 
larger proportion of DHA is found in the YSM in the form of TAG than it is for AA 
(Speake et al., 1998).  There is a difference in AA and DHA in plasma as well, with 
more AA seen in the form of PL and more DHA seen in the form of TAG (Speake et 
al., 1998). 
The YSM is also able to convert ALA, and LA into DHA and AA, there is 
evidence that the conversion of LA into AA is extremely efficient with a high activity 
level for the ʴ6-desaturase (Speake et al., 1998).  Since the conversion of ALA into 
DHA utilizes the same pathway, the synthesis of DHA should be equally as efficient 
as that of AA (Speake et al., 1998).   
It appears that the YSM preferentially takes DHA from the yolk in order to 
supply the developing embryo (Speake et al., 1998).  This idea is supported by 
evidence that the level of phosphatidylcholine and TAG remains constant throughout 
avian development (Speake et al., 1998).  In contrast, the level of 
phosphatidylethanolamine decreases substantially as development progresses, 
specifically the DHA portion of phosphatidylethanolamine seems to be depleted as 
the phosphatidylethanolamine, which remains in the yolk, is depleted of DHA 
(Speake et al, 1998).  This gives evidence that the YSM membrane preferentially 
uptakes DHA.  Removal of DHA from the yolk occurs during the second week of 
embryonic development, whereas the other FA C16:0, C18:2 n-6, C18:3 n-3, and 
C20:4 n-6, are removed from the yolk at a constant level during development (Speake 
et al., 1998). 20 
 
 
2.7 Fatty Acid Incorporation into Chick Tissues 
Lipoprotein lipase (LPL) is an enzyme found on the luminal surface of 
capillaries.  It hydrolyses the TAG in VLDL into FA, which are then taken up by 
surrounding tissues to be utilized (Speake et al., 1998).  In the developing embryo, no 
LPL was found in brain tissue, little in muscle and liver, and the highest LPL 
concentrations were seen in adipose and heart (Speake et al., 1998).  The low level of 
LPL in liver would allow the VLDL to by-pass the liver intact (Speake et al., 1998).  
As the VLDL travels through the circulation, it loses TAG by the action of LPL and 
eventually becomes a VLDL remnant, containing mostly CE and some TAG (Speake 
et al., 1998).  The VLDL remnant is taken up by the liver, where the remaining CE 
are dumped.  It appears that LPL has a low substrate specificity for FA 20 carbons or 
greater in length, such as AA, DHA, and EPA (Speake et al., 1998).  One study 
showed that at day 12 of embryonic growth the proportion by weight of DHA in 
plasma was twice that of adipose tissue and that the liver showed greater percentage 
of DHA despite obtaining TAG from VLDL remnants (Speake et al., 1998).  It has 
been proposed that the action of LPL allows FFA from the VLDL to enter into 
circulation and permeate nearby tissues, this is one mechanism that has been 
proposed for the accumulation of LC n-3 FA into brain tissue despite the lack of LPL.   
Even though there is a decrease in LPL specificity for FA such as DHA, DHA 
does accumulate in adipose tissue at a high level due to the fact that a high percentage 
of TAG in VLDL are hydrolyzed by LPL (Speake et al., 1998).  There is also an 
obvious accumulation of DHA in adipose tissue through day 16 of development, 21 
 
 
followed by a depletion of DHA (Speake et al., 1998).  The second mechanism that 
has been proposed for accumulation of DHA in brain tissue is the role of adipose 
tissue releasing stored DHA into circulation as FFA, where it can then be taken up by 
the developing brain (Speake et al., 1998).     
The accumulation of specific FA into specific tissues is a well studied fact, 
how this occurs in the developing chick embryo is still a mystery in some aspects.  It 
is well known that the YSM contains a high amount of ʴ-6 desaturase, but evidence 
suggests that very little LA or ALA is converted into AA, EPA, or DHA (Speake and 
Deans, 2004).  Yet, the developing embryo requires high levels of DHA and AA 
during development, but it is not yet known how this is accomplished.  There are also 
still several tissues whose requirements for DHA or AA are as yet unknown for the 
developing embryo or chick.  It is also unknown how maternal diets differing in FA 
content can influence the FA composition of these tissues in the offspring.   
2.8 Egg Yolk PUFA Composition and Studies in Hatched Chicks 
It is known that maternal or breeder hen dietary FA can alter FA profiles in 
the egg and tissues of the hatched chick tissues such as brain, liver, heart, spleen 
(Cherian and Sim, 1991; Cherian et al., 1997).  Manipulation of maternal dietary n-6 
and n-3 FA also resulted in changes in prostaglandin E2 and leukotriene B4 levels 
and cell-mediated immune responses in progeny chicks (Cherian et al., 2009; Hall et 
al., 2007).  Results from these studies demonstrate that manipulating the maternal diet 
and egg yolk PUFA content can alter immune and inflammatory responses and the 
effects of maternal diet persisted up to 21-day post hatch in progeny chicks.   For 22 
 
 
examples, breeder hens fed high n-3 PUFA led to significant increases in n-3 PUFA 
in the egg yolk and reduced the content of proinflammatory eicosanoids 
(prostaglandin E2 and leukotriene B4) while hens fed high n-6 FA diet led to 
significant increase in the content of proinflammatory eicosanoids (prostaglandin E2 
and leukotriene B4) in progeny chicks (Cherian et al., 2009, Hall et al., 2007). It is 
also reported that the wing web swelling response (a measure of immune response) 
was suppressed (P<0.05) in 14- and 28-day-old chicks hatched from n-3 PUFA 
enriched eggs (Wang et al., 2000). These results provide the evidence that supply of 
PUFA through maternal diet and egg yolk has an effect on immune responses in 
progeny chicks. 
2.9 Immune System of the Chicken and the Importance of 
Immunomodulation in Poultry 
Immunomodulation is the manipulation of the immune system via 
pharmaceutical or physiological means to affect a beneficial outcome (Murphy et al., 
2008).  Immunomodulation can have a huge impact on production animal nutrition by 
lowering the inflammatory responses of the animal’s immune system. There are two 
types of immunity: the innate and the adaptive.  Innate immunity is always 
functioning and is the body’s first line of defense against foreign pathogens.  White 
blood cells (WBC) and mature macrophages function in innate immunity. Adaptive 
immunity is the body’s way of removing pathogens that the innate immunity is not 
capable of handling.  Adaptive immunity is able to remember a pathogen’s molecular 
signal and recognize it at a later date (Shanmugasundaram and Selvaraj, 2010).  A 23 
 
 
capability that ensures a much faster response time by immune cells on the next 
encounter.  Of the adaptive immune response there are two parts, the cell-mediated 
immunity which is carried out mainly by T cells and the humoral immunity, which is 
carried out be antibodies produced from B cells.   
Inflammatory and immune regulation is also influenced by dietary n-6 or n-3 
PUFA composition of immune cells. This is because concentration and type of fatty 
acids involved will influence the downstream response of eicosanoids and other 
cytokines.   Theses cytokines can induce immune cells to respond to an infection and 
increase inflammation, they can turn off the inflammatory response, and they can 
inhibit the formation of other effector T-cells.   During metabolic pathways, AA is 
converted into prostaglandin E2 (PGE2).  Prostaglandin E2 increases the production 
of Th2 effector cells, which then secrete more cytokines such as interleukin-10 (IL-
10), which inhibits the formation of Th1 cells (DiMeo et al., 2007; Williams and 
Shacter, 1997).  Since Th1 is required for the activation of immature macrophages 
into mature macrophages, this can cause an imbalance in the system’s ability to fight 
off certain types of pathogens.   The ability of different levels and types of fatty acids 
in the diet can have a profound effect on whether or not a biological system leans 
more towards a Th2 profile or a Th1 profile.  It therefore stands to reason that further 
effects on the immune system and its functions are inevitable.  Thus, the n-6 and n-3 
PUFA composition of immune cells will ultimately influence the production of 
proinflammatory products, such as TNFʱ, IL-1β, IL-6, and inducible nitric oxide. 24 
 
 
Considerable amount of information has been reported in the past decade on 
the influence of maternal diet on PUFA composition of progeny chicks (Cherian, 
2011).  Most of these studies focused on feeding n-6 fatty acids and long-chain n-3 
fatty acids to breeder hens and investigating changes in different tissues and cells in 
progeny chicks such as peripheral mononuclear cells, thrombocytes, and cardiac 
tissue, spleen and  bursa (Bautista-Ortega et al., 2009; Cherian et al., 2009; Hall et al., 
2007). Despite the fact that the small intestine is the major site of lipid absorption, an 
endocrine organ, and an immunologically active site, not much investigation has been 
done on the effects of maternal dietary FA manipulation on the composition of the 
gastrointestinal tract of the offspring and IL-6 production in progeny chicks. 
3 Objectives of the Thesis 
The manipulation of offspring phenotypes and/or genotypes through maternal 
dietary manipulation has become known in recent years as fetal programming.  Fetal 
programming is defined as the effect of maternal environment on the phenotype of 
the offspring during their life time.  Early lifetime exposure has gained increased 
attention because of its association with chronic disease risk (Patel and Srinivasan, 
2002).  Poultry is an ideal model for studying fetal programming because the fetus 
receives all nutrients from the egg and the broiler chick has a short life-span of 42 
days until slaughter for meat production.  Lipids are one of the major nutrients in the 
egg contributing over 5g to the average egg.  Fatty acids are known to alter the 
inflammatory response, an important component of the etiology of chronic diseases, 
by affecting eicosanoid metabolism (Cherian, 2007; Kang and Weylandt, 2008). 25 
 
 
Eicosanoid metabolism and thus inflammatory pathways can be altered by the 
ratio of LC n-6 FA and LC n-3 FA, which are partly synthesized from cellular 
membrane FA of gastro-intestinal tissues and liver.  A greater LC n-6:LC n-3 FA 
ratio promotes a pro-inflammatory Th-1 response, while a lower LC n-6:LC n-3 FA 
ratio promotes an anti-inflammatory Th-2 response (Calder, 2006).  The most 
bioactive LC n-6 FA are AA and its precursor is LA.  The most bioactive LC n-3 FA 
are DHA and EPA, which can be synthesized from ALA.  One of the primary 
regulators of the inflammation and immune response is the cytokine interleukin-6 
(IL-6), the synthesis of which has been decreased when humans consumed a diet rich 
in EPA, DHA, or both (Lopez-Garcia et al., 2004).  Fish oil is a good dietary source 
for DHA and EPA. 
It has been shown that a maternal diet high in n-3 FA or n-6 FA can affect the 
FA composition of the yolk (Cherian and Sim, 1991), spleen (Wang, et al. 2002; Hall 
et al., 2007), bursa (Hall et al., 2007); heart (Ajuyah et al., 2003; Wang, et al. 2002), 
lung, liver, and brain (Ajuyah et al., 2003; Wang, et al. 2002).  In addition, a maternal 
diet containing fish or sunflower oil alters eicosanoid metabolism of their offspring 
(Hall et al., 2007; Cherian et al., 2009).  Feeding hens a diet containing 3.5% fish oil 
decreased concentrations of prostaglandin E2 (PGE2) and thromboxane A2 (TXA2) in 
peripheral blood mononuclear cells (PBMNC) of 7-d old chicks (Cherian et al., 
2009).  Maternal diets containing 3.0% fish oil also reduced leukotriene B4 (LTB4) 
production by thrombocytes, while increasing leukotriene B5 (LTB5) in 7-d old chick 
(Hall et al., 2007).  The effect of maternal diet on FA composition of the 26 
 
 
gastrointestinal tract or cytokine production of their offspring, however, has not been 
examined. 
Therefore, the objective of this study was to compare the effects of a maternal 
diet rich in long-chain n-3 FA (fish oil),  rich in n-6 FA (sunflower oil), or a 
commercial diet (yellow grease) (which lacks LCPUFA) on long-chain FA 
composition in gastro-intestinal and liver tissue and cytokine production in the 
offspring in their first 2 weeks of life.  It was hypothesized that a maternal diet 
containing fish oil will increase long-chain n-3 FA in gastro-intestinal and liver tissue 
and decrease IL-6 concentrations in blood and liver in their offspring during growth.  
The second objective of the study was to examine the effects of dietary PUFA on 
broiler breeder hen egg production and egg quality aspects.   27 
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4  Feeding Polyunsaturated Fats to Broiler Breeder Hens: Effect on Egg 
Production, Egg and Chick Quality 
4.1 Introduction 
The potential health effects of dietary LC n-3 FA to both chickens and 
humans has been a topic of interest to scientists for some time now.  Addition of n-3 
FA in poultry diets has been shown to increase the content of these fats in eggs and 
meats (Rymer and Givens, 2005).  However, the role of different dietary n-6 and n-3 
PUFA and its impact in breeder hens on egg production and hatched chick quality is 
limited.  Past studies have shown that broiler hens fed a fish oil enriched diet has no 
effect on egg production, but does cause a decrease in both egg weight and chick 
weight (Bozkurt, et al., 2008).  Diets enriched in fish oil were found to increase 
fertility and hatchability when compared to diets high in sunflower oil (Bozkurt, et 
al., 2008).  Most studies examined the differences between fish oil and sunflower oil 
diets.  In our study we compared the effects of fish oil, flax oil, and safflower oil in 
broiler breeder hens.  This allowed us to examine how a 20 carbon n-3 FA source 
differed in its effects to an 18 carbon n-3 or n-6 FA source.  The comparison of flax 
to safflower oil gave us a better comparison for the flax oil because both oils contain 
PUFA that are 18 carbons in length.      
4.2 Materials and Methods 
4.2.1 Broiler Breeder Raising 
Three hundred and sixty Ross broiler (Ross X Ross 708) eggs were obtained 
from Jenk’s hatchery (Tangent, OR).  The eggs were placed into the incubator and 29 
 
 
were incubated for a period of 20 days at 38°C ± 0.1°C and a humidity of 61.3 ± 
3.0%.  On day 20, eggs were removed from the incubator and candled.  Fertile eggs 
were placed into a hatching basket and placed into the hatcher at 36°C ± 0.1°C and a 
humidity of 61.3 ± 3.0%.  Non-fertile eggs were counted, broken open, and discarded.  
On day 21, the hatched chicks were pulled from the hatcher and separated into males 
and females by feather sexing.  Twenty males and 135 females were placed into floor 
pens located at the Oregon State University Poultry center, the remaining chicks were 
used for a separate experiment.  The males and females were placed into separate 
floor pens bedded with cedar shavings and were given ad libitum access to food and 
water (Purina chick starter Purina Mills, LLC, P. O. Box 66812 St. Louis, Missouri 
63166-6812).  When the chicks were 1 week of age, they were weighed and an 
average pen weight was taken.  The average weight was compared to the Ross 308 
Parent Stock objectives guide, published by Aviagen (Cummings Research Park 5015 
Bradford Dr, Huntsville, AL 35805), U.S.A.  At week 3, the chicks were placed on a 
daily restricted diet.  The feed was either reduced or increased, by 0.004g, by 
comparing the average weekly gain of each pen to the ideal standard in the Ross 308 
guide. 
At week 4, the female chicks were split into three pens according to their 
weight.  Female chicks that were 150g or more heavier than the ideal weight went 
into a heavy pen, hens within 150g of the ideal weight went into the ideal pen, and 
hens 150g below went into the light pen, feed was adjusted accordingly.  There were 
48 hens in the heavy pen, 45 in the light pen, and 44 in the ideal pen.  Males remained 30 
 
 
in the same pen throughout the trial.  The hens and roosters were weighed once a 
week and feed was adjusted by comparison to the Aviagen growth guidelines for 
broiler breeder hens and roosters.  Once a month hens were weighed and sorted into 
heavy, light, or ideal pens using the Aviagen growth guidelines for Ross hens.  Once 
a month roosters that were deemed too heavy were culled.  Roosters were disposed of 
by cervical dislocation. 
At week 23, 47 hens that were within 150g of the ideal weight, according to 
Aviagen growth guidelines for broiler breeder hens and roosters, were placed into 
broiler breeder laying cages.  The remaining hens were sorted by weight, those hens 
found to be 150g or greater than the ideal weight were disposed.  The remaining hens 
were placed into 2 pens.  The roosters were sorted in the same manner, but only 6 
were placed into cages.  At week 27, non-laying birds were removed from cages and 
replaced with hens from the pens that thought to be laying.  By week 30 all birds in 
the cages were laying.  At week 32, 45 laying hens were selected for the study and 
were randomly assigned to one of the 3 treatments, with 5 replicates per treatment, 3 
cages were considered as an experimental unit.  The hens were fed corn-soy based 
diets containing different oils at 3.5% (wt/wt).  The oils were fish (FO), flax (FL), or 
high linoleic safflower (SF).  Roosters remained on a corn-soy based Purina diet.  Egg 
production was monitored on a weekly basis for four weeks.   
4.2.2 Egg Collection 
After one week on the diet hens were artificially inseminated with 0.5cc fresh 
semen, collected from the broiler roosters.  A total of 321 eggs were collected over a 31 
 
 
period of 8 days and were stored in a cold pen at 18°C.  Of the 321 eggs collected, 99 
eggs were collected from the FO treatment, 112 eggs from the FL group, and 110 
eggs from the SF group.  Eighty eggs from each treatment were placed into the 
incubator. From the remaining eggs, 15 eggs per treatment were taken to measure egg 
quality and yolk FA composition.  Each egg was weighed and then opened onto a 
level glass stand in order to measure albumen height.  Yolk color was determined by 
comparing yolk color to the Roche fan.  The shell was wiped clean, weighed, and 
shell thickness was measured using a micrometer.  Yolks were separated using a yolk 
separator.  Each yolk was carefully dried (by rolling over wet paper towel) and 
weighed; the yolks were then pooled into a plastic zip lock bags, with 3 yolks per bag 
(5 replicates per treatment) for later FA analysis.  Albumen weight was calculated by 
subtracting yolk and shell weight from total weight.   
4.2.3 Egg Incubation 
A total of 240 eggs, 80 per treatment, were incubated for a period of 20 days 
at 38°C ± 0.1° and a humidity of 61.3± 3.0%.  On day 20, eggs were removed from 
the incubator and candled.  Fertile eggs were placed into a hatching basket and placed 
into the hatcher at 36°C ± 0.1° and a humidity of 61.3 ± 3.0%.  Non-fertile eggs were 
counted, broken open, and discarded.  Of the 80 eggs set for each treatment, 68 of the 
FO eggs, 72 of the FL, and 76 of the SF were fertile, fertile eggs were placed into the 
hatcher.   
4.2.4 Chick Hatching and Sampling 
At day 21.5 chicks were removed from the hatcher, both live and dead chicks 
were counted.   32 
 
 
4.2.5 Chick Weight and Organ Weight 
  On day of hatch 15 chicks from each treatment were randomly selected.  
Chicks were weighed and then sacrificed by decapitation.  Tissues, yolk sac, liver, 
and heart, were collected and weighed.     
4.2.6 Statistics 
All data was analyzed using proc GLM and least square means with diet being 
the fixed effect (FO, FL, SF).  Egg production was analyzed by two-way ANOVA 
with diet and week as main factors.  Data was analyzed using proc GLM and least 
square means All statistics were done using SAS 9.2 (SAS Institute Inc., Cary, NC).  
Significant differences among treatments were analyzed by Duncan’s Multiple range 
Test. An institutional animal care and use committee approved all experimental 
protocols to ensure adherence to animal care guidelines. 
4.3 Results 
  The broiler breeder diet composition is shown in table 1 and the fatty acid 
composition of the broiler breeder diet is shown in table 2.  The FO diet contained the 
least LA, with SF being highest, for ALA, the FL diet contained the most and SF the 
least.  The only treatment diet that contained AA, EPA, or DHA was the FO diet.   
The effect of maternal dietary PUFA on egg production and egg 
characteristics is shown in table 3.  Egg production was lowest in hens fed FO diet 
(P<0.01).  Diet did not have an effect on egg weight however, a trend for decreased 
egg weight was observed in FO eggs (Figure 2).  No effect of diet on shell weight, 
shell thickness, albumen weight or the yolk:albumen ratio was observed (Table 3).  33 
 
 
The experimental diet did have a significant effect on yolk weight (Figure 3) with FO 
diet producing eggs with smaller yolk when compared to FL and SF (P=0.02).  
However, when expressed as a percentage of egg weight, there was no significant 
difference in yolk weight among the 3 treatments.  There was a significant difference  
in yolk color with fish oil (FO) yolks scoring the highest, whereas no difference was 
observed in the yolk color score of FL and SF eggs (P<0.001).   
The fatty acid composition of the egg yolks is shown in table 4.  There was a 
significant difference for C16:0 between FL and FO and FL and SF, but no difference 
between FO and SF (P<0.001).  Fish oil eggs had the highest levels of C16:1 and 
were significantly different from both FL and SF, with there being no difference 
between FL and SF eggs (P<0.001).  There was a significant difference in C18:1 with 
FO being highest and SF lowest (P<0.001).  There was a significant difference 
between all 3 treatment groups for C18:2 n-6, with SF being highest in LA and FO 
lowest (P<0.001).  For ALA there was no difference between FO and SF, but FL was 
significantly greater in ALA than either FO or SF (P<0.001).  The overall SFA 
content was greatest in FO eggs and lowest in FL (P<0.001).  No difference was 
observed in the total SFA content between FO and SF eggs.  Total MUFA was 
greatest in FO and lowest in SF (P<0.001). 
There was a significant difference for all 3 treatment groups for C20:4 n-6 
(P<0.001).  For C20:5 n-3 FO was a significantly different with no difference 
between FL and SF (P<0.001).  Eggs from hens fed SF were significantly greater in 
C22:5 n-6 than either FL or FO eggs (P<0.001).  Eggs from FO fed hens were 34 
 
 
significantly greater in C22:5 n-3 than either FL or SF (P<0.001).  There was a 
significant difference in C22:6 n-3 between FO and SF and between FL and SF 
(P<0.001).  The overall LC n-3 FA content was significantly different between all 3 
treatment groups (P<0.001) (Figure 4).  There was a significant difference in the 
overall LC n-6 FA between all three treatment groups (P<0.001) (Figure 5).  The ratio 
of LC n-6 to LC n-3 FA was a significantly different between FL and FO and FL and 
SF (P<0.001) (Figure 6).  Both the overall n-3 FA and overall n-6 FA were 
significantly different (P<0.001) for all 3 treatment groups.  No significant difference 
was seen for C18:0, C20:1, 20:3 n-6, or C22:4 n-6. 
The effect of maternal dietary PUFA on chick hatching characteristics is 
shown in table 6.  There was no significant difference observed for liver or heart 
weight.  The hatchability of eggs varied from 94 to 98% (Table 5).  There was a 
significant difference in the weights of FL and FO chicks at hatching (P=0.003) 
(Figure 7).  Chicks from FO fed hens were the lightest, while chicks from FL fed hens 
were heaviest.  There was no significant difference in chick weight between FL and 
SF or between SF and FO.  There was a significant difference in the weight of the 
yolk sac at time of hatching between all three treatments with FO being heaviest and 
SF lightest (P<0.001).  However, the yolk sac weight as a percentage of body weight 
was only significantly different between FO and SF and FL and SF (P=0.003).   
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4.4 Discussion 
Eggs obtained from the FO treatment had the smallest egg yolk weight and a 
trend toward the lowest egg weight.  This may be due to decreased feed FO feed 
consumption, although hen feed consumption was not monitored for this study.   
The FA acid composition of the egg yolk was reflective of the hen diet 
(Tables 2 and 4).  Yolks from FL eggs were the only ones to contain any ALA.  This 
is not reflective of the hen diet as both FO and SF diets contained, 2.62% and 1.87% 
respectively, amounts of ALA.  The level of ALA in the FL diet was 35.9%, the level 
of ALA in the FL egg yolks was only 7.16%.  This drastic difference in ALA of the 
egg yolk when compared to the diet could account for no ALA being observed in 
either FO or SF yolks.  There was an increase in AA when compared to the dietary 
AA content.  The FO diet was the only one observed to contain AA, however, egg 
yolks from all three treatments contained AA.  Fish oil egg yolks contained the least 
amount of AA and SF egg yolks the greatest, yet the FO diet was the only one 
observed to contain any AA.  The high levels of LA present in the SF diet, 63.64%, 
and the low level of LA in the FO diet, 21.02%, could account for the greater 
deposition of AA into the egg yolk over the FO egg yolks.  The amount of AA 
present in the FO diet was only 0.85% and was most likely not a sufficient source of 
AA for deposition into the egg yolk. 
Only the FO diet contained DHA, but egg yolks from both FO and FL 
contained DHA, while none was observed in SF egg yolks.  The large amount of 
ALA observed in the FL diet, 35.90% versus only 2.62% in the FO, accounts for the 36 
 
 
DHA present in the FL egg yolks.  The hen elongated and desaturated the ALA into 
DHA for deposition into the yolk.   
  In this study chicks hatched from FO fed hens were smaller than those 
hatched from SF hens (P=0.003) (Figure 7).  When FO chicks were compared to FL 
chicks it was found that the FO chicks were significantly smaller than chicks hatched 
from FL hens.  The smaller FO chicks could be due to a number of factors, poor 
palatability of the feed to the hens, resulting in lower consumption and fewer 
nutrients provided to the offspring.  The propensity for LC n-3 FA to be to inhibit 
lipogenesis cannot be ruled out.  Although all the diets contained vitamin E in the 
premix the chances of oxidation cannot be ruled out.  Oxidation was not measured in 
this study.  Omega-3 PUFA have been shown to inhibit lipogenesis by affecting 
nuclear factors such as PPAR (Deckelbaum et al., 2006).  It is possible that the higher 
percentage of LC n-3 FA in the egg yolk at time of hatch interfered with the 
developing embryos ability to grow by inhibiting lipogenic pathways through creation 
of reactive oxygen species. 
It is interesting to note that both the FL and FO fed hens produced chicks that 
had the largest yolk sacs.  One would expect that the largest yolk sac would positively 
correlate with the heaviest chicks, this is true in case of the FL chicks, but not the SF 
or FO chicks.  Again it is possible that the LC n-3 FA interfered with lipogenesis in 
the case of the FO chicks.  The FL chicks had LC n-3 FA in the form of ALA, which 
is less susceptible than DHA to FA oxidation.    
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4.5 Conclusions 
  Dietary FA did not affect breeder hen egg production.  However, dietary FA 
did affect some aspects of egg quality (Table 3).  Eggs from fish oil fed hens weighed 
less than eggs obtained from hens fed either safflower or flax oil, as did their yolks.  
Chicks from fish oil fed hens also had lower body weights when compared to the 
other two treatment diets (Figure 7).  With the data from this study we can conclude 
that feeding fish oil to broiler breeder hens affects egg production, and will cause a 
decrease in egg yolk weight that may cause chicks of lowering weight at hatching.  
Feeding flax oil to broiler breeder hens will not affect egg production and egg quality. 
However, feeding flax oil led to an increase in chick weight at hatching and will 
increase the availability of n-3 FA available to the chick during development.  38 
 
 
 Table 1. Composition of broiler breeder experimental diets 
 
  Experimental Diet 
 
Ingredients (%) 
Fish 
Oil 
Flax 
Oil 
Safflower 
Oil 
       
Corn  55.11  55.11  55.11 
Wheat middling  5.75  5.75  5.75 
Soybean meal  21.0  21.0  21.0 
Limestone  6.70  6.70  6.70 
Dicalcium phosphate  1.85  1.85  1.85 
Salt  0.50  0.50  0.50 
Vitamin-mineral 
premix
1 
0.50  0.50  0.50 
Oil   
Calculated 
composition 
3.50  3.50  3.50 
ME (Kcal/Kg)  2866  2866  2866 
Crude protein (%) 
Calcium (%) 
Available 
phosphorus (%) 
16.28 
3.06 
 
0.46 
16.28 
3.06 
 
0.46 
16.28 
3.06 
 
0.46 
 
Fish, flax, safflower represent corn-soybean meal basal diets containing fish oil 
3.50%, flax oil 3.50% or safflower oil 3.50%. 
1Supplied per kg feed: Vit A-12,500 IU; Vit D3-4000 IU; Vit E-25 IU; Vit B12-0.014 
mg; Riboflavin-8 mg; Pantothenic acid-12 mg; Niacin-40 mg; Menadione-2.5 mg; 
Choline-500 mg; Thiamine-1.75 mg; Folic acid-0.75 mg; Pyridoxine-2 mg; d-biotin-
0.15 mg; Ethoxyquin-2.5 g; Manganese-90.4 mg; Zinc-92.4 mg; Selenium-0.264 
mg. 
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Table 2. Fatty acid composition of broiler breeder experimental diets  
 
  Experimental Diet 
Dietary FA 
(weight %) 
Fish 
Oil 
Flax 
Oil 
Safflower 
Oil 
       
C16:0  17.32  9.34  10.43 
C16:1  8.95  0.00  0.00 
       
C18:0  3.67  4.25  3.28 
       
C18:1  15.04  21.14  19.48 
       
C18:2 n-6  21.02  28.67  63.64 
       
C18:3 n-3  2.62  35.90  1.87 
       
SFA  28.03  13.60  14.16 
       
MUFA  27.62  21.39  19.92 
       
C20:3 n-6  0.18  0.30  0.41 
       
C20:4 n-6  0.85  0.00  0.00 
       
C20:5 n-3  8.91  0.00  0.00 
       
C22:4 n-6  0.70  0.00  0.00 
       
C22:5 n-3  1.63  0.00  0.00 
       
C22:6 n-3  7.01  0.00  0.00 
       
LC n-3  17.56  0.00  0.00 
       
LC n-6  4.54  0.55  0.85 
       
LC n-6/LC n-3  0.26  NA  NA 
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Fish, flax, safflower represent corn-soybean meal basal diets containing fish oil 
3.50%, flax oil 3.50% or safflower oil 3.50%. 
 Saturated fatty acids (SFA), monounsatuarated fatty acids (MUFA), long-chain (LC),  
 dietary fatty acid (Dietary FA). 
 
 
Table 3. Effect of experimental diet on egg production and egg characteristics  
 
  Experimental Diet           
Parameters  Fish 
Oil 
Flax 
Oil 
Safflower 
Oil 
Pooled 
SEM 
    P-Value   
                 
Egg production (%)   73.80  83.09  80.71  2.24      0.01   
Egg  weight  (g)  58.22
  61.27
  60.81
  1.03      0.09   
Yolk weight (g)  16.78
b  17.87
a  18.12
a  0.34      0.02   
Shell  weight (g)  6.05  6.09  6.15  0.17      0.91   
Yolk weight (%)  28.89  29.26  29.82  0.58      0.14   
Shell weight (%)  10.40  9.94  10.10  0.22      0.33   
Shell thickness (µm)  39.73  40.40  40.60  1.03      0.82   
Yolk color  7.80
a  7.00
b  6.93
b  0.18      <0.001   
Albumen weight (g)  35.40  37.31  36.54  1.03      0.30   
Albumen weight (%)  60.71  60.80  60.08  0.65      0.70   
Yolk:albumen ratio  0.48  0.48  0.50  0.01      0.65   
 
a-b Means within a row with no common superscript differ (P<0.05).  Fish, flax, 
safflower represent corn-soybean meal basal diets containing fish oil 3.50%, flax oil 
3.50% or safflower oil 3.50%. (n=15). 41 
 
 
 
Table 4.  Fatty acid composition of egg yolk from hens fed experimental diets 
 
  Experimental Diet                 P-Values 
Egg Yolk FA 
(weight %) 
Fish 
Oil 
Flax  
Oil 
Safflower 
Oil 
  SEM 
 
Diet  
 
           
C16:0  28.89
a  24.86
b  27.80
a  0.48  <0.001 
           
C16:1  4.82
a  3.20
b  2.65
b  0.19  <0.001 
           
C18:0  10.00  9.76  10.16  0.29  0.66 
           
C18:1  41.19
a  40.87
a  34.67
b  0.70  <0.001 
           
C18:2 n-6  6.79
c  9.84
b  21.49
a  0.40  <0.001 
           
C18:3 n-3  0.00
b  7.16
a  0.00
b  0.19  <0.001 
           
SFA  39.54
a  34.62
b  37.96
a  0.50  <0.001 
           
MUFA  46.02
a  44.30
a  37.32
b  0.68  <0.001 
           
C20:1 n-6  0.00  0.23  0.00  0.16  0.40 
           
C20:3 n-6  0.00  0.00  0.00  0.00  0.00 
           
C20:4 n-6  0.47
c  1.14
b  2.22
a  0.13  <0.001 
           
C20:5 n-3  0.86
a  0.00
b  0.00
b  0.11  <0.001 
           
C22:4 n-6  0.00  0.00  0.00  0.00  0.00 
           
C22:5 n-6  0.00
b  0.00
b  0.99
a  0.09  <0.001 
           
C22:5 n-3  2.21
a  0.15
b  0.00
b  0.44  0.02 
           
C22:6 n-3  4.11
a  2.78
a  0.00
b  0.11  0.002 
           
Overall n-3  7.17
b  10.09
a  0.00
c  0.25  <0.001 
           
Overall n-6  7.26
b  10.99
c  24.71
a  0.41  <0.001 
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a-c Means within a row with no common superscript differ (P<0.05).  Fish, flax, 
safflower represent corn-soybean meal basal diets containing fish oil 3.50%, flax oil 
3.50% or safflower oil 3.50%.  Saturated fatty acids (SFA), monounsatuarated fatty 
acids (MUFA), long-chain (LC), yolk fatty acid (Yolk FA). 
 
Table 5.  Effect of feeding polyunsaturated fats to broiler breeder hens on 
hatchability of eggs 
 
  Experimental Diet 
Parameters 
Fish 
Oil 
Flax 
Oil 
Safflower 
Oil 
       
Number of Eggs Set   80  80  80 
Number of Fertile Eggs  68  72  76 
Fertility   85%  90%  95% 
Number of Chicks 
Hatched  64  71  72 
Hatchability  94%  98.6%  94.7% 
 
Fish, flax, safflower represent corn-soybean meal basal diets containing fish oil 
3.50%, flax oil 3.50% or safflower oil 3.50%. 
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Table 6. Effect of experimental diet on chick characteristics  
 
  Experimental Diet      
Parameters  Fish  
Oil 
Flax  
Oil 
Safflower 
Oil 
SEM  P-value 
           
Liver weight (g)  11.76  9.13  7.00  0.17  0.24 
Yolk sac weight (g)  52.84
a  59.86
a  41.66
b  1.18  0.001 
Heart weight (g)  3.04  3.27  3.01  0.45  0.41 
Liver weight (%)  2.91  2.02  1.62  1.71  0.15 
Yolk sac weight (%)  12.84
a  13.28
a  10.17
b  2.70  0.003 
Heart weight (%)  0.74  0.72  0.72  0.116  0.91 
 
a-b Means within a row with no common superscript differ (P<0.05).  Fish, flax, 
safflower represent corn-soybean meal basal diets containing fish oil 3.50%, flax oil 
3.50% or safflower oil 3.50%. (n=15). 44 
 
 
 
 
 
 
Figure 2. Effect of feeding polyunsaturated fats to breeder hens on egg weight.  
Differences were significant with a P value less than 0.05.  Data shown as Means ± 
SE, P=0.09, n=15. 45 
 
 
 
 
Figure 3. Effect of feeding polyunsaturated fats to breeder hens on egg yolk weight. 
a-b Means significantly different (P<0.05).  Data shown as Means ± SE, n=15. 
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Figure 4. Long-chain n-3 fatty acid composition of egg yolk from hens fed 
experimental diets. 
a-c Means significantly different (P<0.05).  Data shown as Means ± SE, n=5. 
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Figure 5. Long-chain n-6 fatty acid composition of egg yolk from hens fed 
experimental diets. 
a-c Means significantly different (P<0.05).  Data shown as Means ± SE, n=5. 
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Figure 6. Ratio of long-chain n-6 to n-3 fatty acid composition of egg yolk from hens 
fed experimental diets. 
a-c Means significantly different (P<0.05).  Data shown as Means ± SE, n=5. 
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Figure 7. Effect of feeding polyunsaturated fats to breeder hens on hatched chick 
weight. 
a-bMeans significantly different (P<0.05). Data shown as means ± SE, P= 0.003. 
n=15.  50 
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5 Feeding Polyunsaturated Fats to Breeder Hens: Effects on Chick Tissue Fatty 
Acid Composition and Hepatic and Serum Interleukin-6 Concentrations 
5.1 Introduction 
The objectives of the second experiment were to evaluate how breeder hen 
dietary PUFA manipulation was able to influence the FA composition of the tissues 
and the potential for reduction in inflammatory markers in progeny chicks.  Early 
lifetime exposure to nutrients and fetal programming has gained increased attention 
because of its association with chronic disease risk (Patel and Srinivasan, 2002).  
Avian species are an ideal model for studying fetal programming because the 
developing embryo receives all nutrients from the egg which is isolated from the 
maternal nutrient supply. This is in contrast to a placental mammal, which can supply 
nutrients to the fetus throughout gestation.  Fatty acids are known to alter the 
inflammatory response, an important component of the etiology of chronic diseases, 
by affecting eicosanoid metabolism (Calder, 2006; Gogus, 2010). 
Eicosanoid metabolism and thus inflammatory pathways can be altered by the 
ratio of long-chain n-6 fatty acids and long-chain n-3 fatty acids, which are 
synthesized from cellular membrane FA.  A greater LC n-6 FA to LC n-3 ratio 
promotes a pro-inflammatory Th-1 response, while a low n-6 FA to LC n-3 ratio 
promotes an anti-inflammatory Th-2 response.  The most bioactive LC n-6 FA are 
AA and its precursor is LA, which is rich in sunflower oil.  The most bioactive LC n-
3 FA are DHA and EPA, which can be synthesized from LA.  One of the primary 
regulators of the inflammation and immune response is the cytokine interleukin-6 52 
 
 
(IL-6), the synthesis of which has been decreased when humans consumed a diet rich 
in EPA, DHA, or both (He et al., 2009; Lopez-Garcia et al., 2004).  Fish oil is a good 
dietary source for DHA and EPA. 
Maternal diet manipulation with n-3 FA and n-6 FA has been shown to affect 
the FA composition of the yolk and the tissues of the progeny chicks (Cherian and 
Sim, 1991).  In addition, a maternal diet containing n-3 and n-6 FA alters eicosanoid 
metabolism of the avian progeny during developmental periods (Hall et al., 2007; 
Cherian et al., 2009).  Feeding hens a diet containing 3.5% fish oil decreased 
concentrations of prostaglandin 2 (PGE2) and thromboxane A2 (TXA2) in peripheral 
blood mononuclear cells (PBMNC) of 7-day old chicks (Cherian et al., 2009).  
Maternal diets containing 3.0% fish oil also reduced leukotriene B4 (LTB4) 
production by thrombocytes, while increasing leukotriene B5 (LTB5) in 7-d old chick 
(Hall et al., 2007).  The effect of maternal diet on FA composition of the 
gastrointestinal tract or cytokine production of their offspring, however, has not been 
examined. 
Therefore, the objective of this study was to compare the effects of a maternal 
diet rich in long-chain n-3 FA (fish oil), rich in long-chain n-6 FA (sunflower oil), or 
a commercial diet (yellow grease) lacking long-chain n-3 and n-6, on long-chain FA 
composition in gastro-intestinal and liver tissue and cytokine production in the 
offspring in their first 2 weeks of life.  We hypothesized that a maternal diet 
containing fish oil will increase long-chain n-3 FA in gastro-intestinal and liver tissue 53 
 
 
and decrease IL-6 concentrations in blood and liver in their offspring for the first 2 
weeks of life. 
5.2 Materials and Methods 
An institutional animal care and use committee approved all experimental 
protocols to ensure adherence to animal care guidelines. 
5.2.1 Birds and Diets 
Forty-two week old, Lohman Brown layer hens (n=75) were obtained from 
the Oregon State University Poultry farm.  Hens were randomly assigned to 
individual laying cages (24x12x18cm) and were fed one of three corn-soybean meal 
based experimental diets that differed in the fat source.  The fat sources were, yellow 
grease (YG), fish oil (FO), or sunflower oil (SO) at a 3.5% (wt/wt) inclusion level in 
the diet.  All diets were isonitrogenous, 16.2% crude protein, and isocaloric, 2863 
kcal/kg of metabolizable energy (see Table 7).  The YG diet was used as a control, as 
it is commonly used in the industry as a source of fat.  The FO was used as a source 
of omega-3 fatty acids (n-3 FA), and the SO diet was used as a source of low n-3 FA. 
 Hens were randomly assigned to one of the three treatment diets, each 
treatment contained 5 replicates, with 5 hens per replicate.  Water and feed were 
supplied ad libitum, and the hens did not receive any vaccines or other medications.   
5.2.2 Egg Collection 
After the hens had been on their experimental diet for four weeks they were 
artificially inseminated (AI) with 0.5 mL of pooled fresh semen collected from 
roosters housed at the OSU poultry farm.  A total of 361 eggs were collected over a 54 
 
 
period of 8 days and were stored in a cold room at 18°C.  Of the 361 eggs collected, 
106 eggs were collected from the YG treatment, 125 eggs from the FO group, and 
130 eggs from the SO group.  One week after the first insemination, hens were AI 
again and 341 eggs were collected over a period of 7 days.  Eggs were kept under the 
previously described conditions.  A total of 102 eggs were collected from the YG 
group, 116 eggs from the FO group, and 110 from the SO group.  From the first batch 
of eggs collected 60 eggs were randomly chosen, 20 eggs per treatment, in order to 
measure yolk FA composition.  Each egg was weighed and yolks were separated 
using a yolk separator.  Each yolk was carefully dried (by rolling over wet paper 
towel) and weighed; the yolks were then pooled into a plastic zip lock bag, with 5 
yolks per bag (4 replicates per treatment) for later FA analysis. 
5.2.3 Egg Incubation 
 A total of 689 eggs were incubated for a period of 20 days at 38°C ± 0.1° and 
a humidity of 61.3 ± 3.0% (179 eggs from the YG group, 212 eggs from the FO 
group, and 212 eggs from the SO group).  On day 20, eggs were removed from the 
incubator and candled.  Fertile eggs were placed into a hatching basket and placed 
into the hatcher at 36°C ± 0.1° and a humidity of 61.3 ± 3.0%.  Non-fertile eggs were 
counted, broken open, and discarded.   
5.2.4 Chick Hatching and Sampling 
At day 21.5, chicks were removed from the hatcher, both live and dead chicks 
were counted.  On the day of hatching, out of the 352 chicks that hatched 90 chicks 
(30 per treatment) were randomly chosen for sampling.  Blood samples were 55 
 
 
collected by severing the jugular vein and blood was pooled into 50 mL screw-cap 
glass tubes (5 chicks per tube, with 6 replicates).  The chicks were then decapitated, 
cut open and the liver and gastrointestinal tract (GIT) were removed.  Tissues were 
immediately wrapped in aluminum foil and submerged in liquid nitrogen.  Tissues 
and blood were kept on ice until they could be placed into the -80°C freezer.  Serum 
was obtained by spinning down the whole blood for 15 minutes at 1500 x g, the 
supernatant was aliquoted into 500 µL microcentrifuge tubes and stored at -80°C. 
      5.2.5 Chick Raising 
From the remaining hatched chicks (n=262), 70 chicks were taken from each 
treatment and were randomly placed into cages at the OSU poultry farm and were fed 
a commercial starter diet made by Purina.  Chicks were randomly placed into cages, 7 
chicks per cage, by treatment, with 10 replicates per treatment, each cage was 
considered as the experimental unit.   Excess chicks were kept in separate cages as a 
buffer against chick death.  All chicks were given food and water ad libitum.   
5.2.6 Chick Tissue Sampling During Growth 
At 7 days of age, 75 chicks, 25 from each treatment, with 5 chicks pooled per 
replicate, were randomly chosen for sampling.  Chicks were sacrificed and tissues 
were collected in the same manner as described for the newly hatched chicks.  At 14 
days of age, 72 chicks, 24 from each treatment, 6 replicates with 4 chicks per 
replicate were sampled.  Blood and tissues were collected in the same manner as the 
newly hatched chicks.    
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5.2.7 Lipid Extraction 
  Total lipids were extracted from experimental diets, egg yolks, chick diet, 
liver, duodenum, jejunum, and ileum.  Two grams of the ground feed were weighed 
and placed into a 50 mL glass tube, 18 mL of Folch solution (chloroform:methanol, 
2:1) (Folch et al., 1957) was added to the tube.  Tubes were then stored overnight at 
4°C.  The next day, 4 mL 0.88% NaCl was added to each tube, tubes were inverted 
twice to mix contents, and then centrifuged at 1500 to 1800 xg for 10 minutes.  After 
centrifugation, the upper layer was aspirated off and discarded.  The lower layer was 
collected by into 20 mL glass vials.  Vials were stored at -20°C for later analysis.  
Lipid extraction of the egg yolk was performed in the manner described above except 
that, 1g of egg yolk was weighed, 9 mL of Folch and 2 mL of 0.88% NaCl were used. 
The GIT was removed from the -80°C and placed in a Petri dish containing a 
small amount of 0.88% NaCl (wt/vol) to thaw.  Once the GIT was thawed the 
contents were carefully removed by gently squeezing at the start of the duodenum 
slowly moving downward to expel the contents at the end of the ileum.  The GIT was 
then placed into a clean Petri dish, the duodenum was incised at the end of the 
duodenal loop, and the jejunum was incised at Merkel’s diverticulum.  The lipid 
extraction was performed in the manner described above for egg yolk.  Liver lipid 
extraction was performed in the same manner as the egg yolk, but only 0.5g of liver 
tissue was used and 6 mL of Folch solution. 
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5.2.8 Fatty Acid Analysis 
Lipid extracts were removed from the -20°C freezer and 1 mL of each lipid 
extraction was placed into a 20 mL glass tube, a internal standard (IS) (C13:0) 
(0.0082g/mL) was added to the tissue samples.  For the liver, duodenum, and jejunum 
100µl of IS was used, for the ileum 50 µl of IS was used.  Samples were dried under 
compressed nitrogen until only the lipid portion of the sample remained and then 2 
mL of BF3 solution (45% high throughput liquid chromatography (HPLC) grade 
methanol, 35% boron triflouride reagent, and 20% HPLC-grade hexane) was added to 
each sample.  Samples were capped and placed in a 90°C water bath for 1 hour 
(Cherian et al., 2002).  Samples were checked for evaporation every 2 minutes for the 
first 10 minutes, if evaporation was occurring the cap was replaced.   
After 1 hour, samples were cooled to room temperature (approximately 10 
minutes), 2 mL of HPLC-grade hexane and 2 mL of distilled water was added.  
Samples were then shaken for 90 seconds and allowed to separate.  The top layer was 
siphoned off into 7 mL glass vials and the bottom layer was discarded.  The samples 
were stored at -20°C until being run on the gas chromatograph (GC). 
Fatty acid analysis was performed using a GC from Agilent (6890 Plus 
series).  The GC was equipped with an autosampler and flame ionization detector.  
The column used was a SP-2330 fused silica capillary column (30 mm × 0.25 mm 
i.d.).  Fatty acids were identified by comparing retention times with the retention 
times of an authenticated standard.  Peak areas and percentages were calculated using 58 
 
 
Hewlett Packard ChemStation software (Agilent Technologies Inc, Wilmington, DE).  
The FA values were reported as g/100g FA. 
5.2.9 Sample Preparation for Cytokine Analysis 
  Approximately 0.5g of tissues was weighed and 2 mL of ice cold phosphate 
buffered saline (PBS), containing 0.05% fetal bovine serum, and a protease inhibitor 
cocktail (2µl/ mL) (Sigma, St. Louis, MO 63178) was added.  Tissues were then 
homogenized for 30 seconds using a polytron, and an additional 2 mL of PBS 
solution was added.  Samples were then spun at 1500 x g for 15 minutes.  The 
supernatant was pipetted off into a new conical tube and stored at -80°C.  Serum 
required no preparation for cytokine analysis. 
5.2.10 ELISA for Interleukin-6 Determination in Liver and Serum 
  Fifty-five µl of primary (1°) human monoclonal IL-6 (hIL-6) antibody 
(Thermo Scientific 3747 N Meridian, Rockford, IL 61101) was added to13 mL of 
coating buffer and 100 µL of the coating buffer solution was added to each well of a 
96 well plate.  Plates were covered with parafilm and stored overnight at room 
temperature (RT).  The next morning plates were washed 4 times using 200 µL of 
PBS for each wash.  For the blocking stage 200 µL of PBS 2% bovine serum albumin 
(Thermo Scientific 3747 N Meridian, Rockford, IL 61101) was added to each well 
and the plate was incubated, in an incubator, at 37°C for 2 hours.  Plates were then 
washed 4 times with 100 µL of PBS Tween 0.05% (PBST).   
A recombinant hIL-6 (rhIL-6) (100 µg/mL) (Thermo Scientific 3747 N 
Meridian, Rockford, IL 61101) was added to the plate in a 4 step serial dilution, with 59 
 
 
the final well having a concentration of 300 pg/mL (Giansanti et al. 2006; Kaiser et 
al. 2004).  Samples were then added to each well, 100 µL per well, with a 2-fold 
serial dilution done using PBS for each sample.  Plates were then incubated in the 
incubator for 2 hours at 37°C.  At the end of the 2 hours the plate was washed 4 times 
using 100 µL of PBST for each wash.  For conjugation, 10.4 µL of anti-human 
monoclonal antibody conjugated to biotin was added to 13  mL of PBS-2% BSA, 100 
µL of this was added to each well and the plate was incubated for 1 hour in the 
incubator at 37°C.  At the end of the hour the plate was washed 4 times with PBST.   
Avidin was then added to the plate by mixing 297 µL of PBS with 3 µL of 
avidin, 26 µL of this solution was then added to 13 mL of PBS-BSA.  To each well of 
the plate, 100 µL of the avidin solution was added, and the plate was then incubated, 
at room temperature, in the dark, for 30 minutes.  At the end of the 30 minutes the 
plate was washed 4 times with PBST.  The color was then developed by preparing 
fresh substrate solution, 12 mL substrate buffer, 200 µL TMB stock solution, and 12 
µL of hydrogen peroxide, and adding 100 µL of the solution to each well.  The plate 
was then placed in a box and put on a shaker for 30 minutes then 50 µL of 0.8 M 
H2SO4 was added to each well.  The plate was then read on a BioTek microplate plate 
reader at 450 nm using the KC Junior software. 
5.2.11 Statistics 
All data was analyzed using proc GLM and least square means, with fixed 
effects being diet (YG, FO, SO) and age (day 1, 7, and 14) with interactions between 
diet and age.   Egg yolk FA composition was analyzed using proc GLM and least 60 
 
 
square means but, without interactions.  The IL-6 data was log transformed before 
doing the statistical analysis.  All statistics were done using SAS 9.2 (SAS Institute 
Inc., Cary, NC).  Significant differences among treatments were analyzed by 
Duncan’s Multiple range Test. 
5.3 Results 
5.3.1 Breeder Hen Diet Composition 
The breeder hen diet composition is shown in table 7 and the breeder hen diet 
fatty acid composition is shown in table 8.  The diet with the largest amount of LA 
was the SO diet, with the YG diet being predominately higher in LA than the FO.  
The YG diet contained the highest amount of ALA, SO the lowest and FO was 
predominantly higher in ALA than was the SO.  The SFA was highest in FO and 
lowest in SO.  For the MUFA the highest levels were observed in the YG diet and the 
lowest in FO with SO being higher in MUFA than FO.  For AA the highest level was 
observed in FO, next was YG, with no AA seen in SO.  The FO diet was the only diet 
that contained any DHA.  For the LC n-3 FA, the largest concentration was observed 
in the FO diet, minor levels were observed in the YG and none in the SO.  The diet 
that contained the most LC n-6 FA was the FO diet, followed by the SO, with the YG 
diet containing the least.  The ratio of LC n-6 to LC n-3 FA was highest in YG. 
  5.3.2 Fatty Acid Composition of Egg Yolks 
The fatty acid composition of the egg yolk is shown in table 9.  The highest 
concentration of LA was found in the SO egg yolks followed by YG (P=0.02).  Both 
FO and YG egg yolks contained the largest amount of ALA.  There was no difference 61 
 
 
in the SFA content across the 3 treatments.  The egg yolks containing the least 
amount of MUFA were obtained from the SO fed hens with the YG fed hens 
producing egg yolks containing the most MUFA.  Egg yolks that contained the 
highest concentrations of AA were the SO and YG yolks with FO egg yolks 
containing the least amount of AA (P<0.001).  Egg yolks obtained from FO fed hens 
had the highest levels of DHA with no statistical difference in the DHA concentration 
between the YG and SO egg yolks (P<0.001).  The LC n-3 FA content of the FO egg 
yolks was highest (P<0.001) with no statistical difference in egg yolks from YG of 
SO (Figure 8).  There was a statistically significant difference in LC n-6 FA content 
across all three treatments with SO containing the highest with YG being 
predominantly greater than FO, and FO containing the least amount (P<0.001) 
(Figure 10).  The ratio of LC n-6 to LC n-3 FA was highest in SO and least in FO, 
with YG being larger than FO (P=0.007) (Figure 11). 
5.3.3 Duodenum Fatty Acid Composition on Day of Hatch 
The fatty acid composition of the duodenum is shown in tables 10 and 11.  In 
the duodenal tissue of day 0 chicks, there was a statistically significant difference for 
LA (P<0.001).  Duodenum obtained from SO chicks had the highest concentration of 
LA, with there being no difference between the FO and YG chicks.  The ALA content 
of the duodenum followed the same trend as LA.  The SFA content was found to be 
significantly greater in YG duodenum and there was a greater concentration of SFA 
in FO than there was in SO (P<0.001).  The greatest concentration of MUFA was 
seen in FO duodenal tissue and the lowest in SO (P<0.001).   62 
 
 
The LCFA composition of the duodenum is shown in table 11.  For AA the 
highest concentration was observed in duodenal tissue obtained from YG chicks, with 
SO being the second highest and FO containing the least amount of AA.  There was a 
statistically significant difference in duodenal AA concentration across all three 
treatment groups (P<0.001).  The DHA content of the duodenum was significantly 
different across all three groups (P<0.001).  The duodenum DHA content was found 
to be greatest in FO chicks, with SO containing the least and YG being higher in 
DHA than SO.  The LC n-3 FA content of the duodenum followed the same trend as 
DHA, with the greatest concentration seen in FO, followed by YG and SO having the 
least (Figure 11).  The concentration of LC n-6 FA was observed to be highest in YG, 
followed by SO, with FO having the lowest concentration (Figure 12).  All three 
treatments were significantly different for LC n-6 FA content (P<0.001).  The ratio of 
LC n-6 to LCn-3 was significantly different for all three groups with SO being 
highest and FO being lowest (P<0.001) (Figure 13).   
5.3.4 Duodenum Fatty Acid Composition of Seven Day old Chicks 
The duodenal tissue of the day 7 chicks showed no significant differences 
between the three treatment groups for LA (Table 10).  For ALA SO remained 
highest with YG being lowest, but the differences were not significantly different.  
For SFA content there was no significant difference between the three treatment 
groups.  For MUFA duodenal content at day 7 a significant difference was observed 
between YG and SO, with no difference between YG and FO or between FO and SO 
(P<0.001).  The YG chicks had the highest levels of MUFA and SO chicks the 63 
 
 
lowest.  The LCFA composition of the duodenum is shown in table 11.  The AA 
levels in the duodenum was significantly different at day 7 between YG and FO and 
between SO and FO but there was no difference between YG and SO (P<0.001).  YG 
had the highest concentration of AA, with SO coming next and FO being lowest.  The 
highest concentration of DHA in day 7 duodenal tissues was seen in FO chicks, 
followed by YG, with SO containing the lowest amount.  There was a significant 
difference between all three treatment groups for DHA duodenal content at day 7 
(P<0.001).   
The overall LC n-3 FA content FO duodenum was highest with SO being 
lowest and YG being predominantly higher than SO (P<0.001) (Figure 11).  There 
was a significant difference in LC n-3 FA content between FO and YG and FO and 
SO, but no difference between YG and SO.  The overall LC n-6 FA content was 
highest in YG and lowest in FO, with a significant difference between YG and FO but 
no difference between YG and SO (P<0.001)  (Figure 12).  The ratio of LC n-6 to LC 
n-3 FA was observed to be highest in SO duodenum at day 7 and lowest in FO 
(Figure 13).  There was a significant difference between SO and FO but no difference 
between YG and SO (P<0.001).  
5.3.5 Duodenum Fatty Acid Composition of Fourteen Day old 
Chicks 
For LA and ALA there were no significant differences seen amongst the 3 
treatment groups in day 14 duodenal tissue (Table 10).  The SFA at day 14 was 
significantly different between YG and FO, but not between YG and SO.  Duodenal 64 
 
 
tissue obtained from the FO chicks had the highest levels of MUFA (P<0.001).  There 
was a significant difference in MUFA content between FO and YG and SO, but no 
difference between YG and SO (P<0.001).  The LCFA composition of the duodenum 
is shown in table 11.  There was a significant difference between SO and FO for AA 
(P<0.001).  The FO chicks duodenum had the highest amount of DHA at day 14 with 
SO and YG being the lowest.  The overall LC n-3 FA content was observed to be 
highest in FO and lowest in SO (Figure 11).  There no significant difference between 
YG and SO but there was one between FO and YG and SO (P<0.001).  The overall 
concentration of LC n-6 FA was significantly different (P<0.001) at day 14 between 
FO and YG, but not between YG and SO (Figure 12).  Yellow grease chicks had the 
highest levels of LC n-6 FA and FO chicks the lowest.  The ratio of LC n-6 to LC n-3 
FA was significantly different (P<0.001) across all 3 treatment groups with SO being 
the highest and FO the lowest (Figure 13). 
5.3.6 Jejunum Fatty Acid Composition on Day of Hatch 
The fatty acid composition of the jejunum is shown in tables 12 and 13.  For 
both LA and ALA there was a significant difference between SO and the other 2 
treatments, FO and YG with no statistical difference between YG and FO (P<0.001).  
For SFA there was a significant difference between FO and SO but none between FO 
and YG.  For MUFA there was no significant difference between any of the 3 groups.   
The LCFA composition of the jejunum is shown in table 13.  Arachidonic acid 
was highest in YG and lowest in FO, with there being a significant difference 
(P<0.001) between all 3 treatments.  The jejunum that had the highest level of DHA 65 
 
 
was FO, followed by YG and then FO.  The FO group was significantly (P<0.001) 
different from both YG and SO.  Both LC n-3 and LC n-6 FA were statistically 
significant across all 3 treatment groups (P<0.001) (Figure 14 and Figure 15). Fish oil 
had the highest LC n-3 FA content and SO the lowest, where as YG was highest in 
LC n-6 FA and FO lowest.  The ratio of LC n-6 to LC n-3 FA was highest in SO and 
lowest in FO, with there being a significant difference among all 3 groups (P<0.001) 
(Figure 16). 
5.3.7 Jejunum Fatty Acid Composition of Seven Day old Chicks 
Linoleic acid, SFA, MUFA, AA, or LC n-6 FA content was not significantly 
different in the jejunum tissue at day 7 (Table 12, Table13).  The ALA content was 
highest in SO with no difference between FO and YG.  The LCFA composition of the 
jejunum is shown in table 13.  The DHA concentration was highest in FO chicks and 
lowest in SO.  There was a significant difference between FO and SO and FO and 
YG, but not between YG and SO (P<0.001).  The overall LC n-3 FA content of the 
jejunum followed the same trend as DHA for day 7, with a significance level of 
(P<0.001) (Figure 14).  There was no difference in the overall LC n-6 FA content for 
all three treatments (Figure 15).  The ratio of LC n-6 to LC n-3 FA content was 
statistically different (P<0.001) between FO and YG and SO, with SO containing the 
highest ratio and FO the least LC n-6:LC n-3 (Figure 16). 
5.3.8 Jejunum Fatty Acid Composition in Fourteen Day old Chicks 
The fatty acid composition of the jejunum is shown in table 12 and the LCFA 
composition of the jejunum is shown in table 13.  There was no significant difference 66 
 
 
in LA, ALA, SFA, MUFA, AA, DHA, LC n-3, or LC n-6 FA in the jejunum of 14 
day old chicks (Figure 14 and Figure 15).  There was a significant difference in the 
ratio of LC n-6 to LC n-3 FA (P<0.001) (Figure 16).  Chicks from the SO treatment 
contained the highest ratio and FO chicks the lowest, with YG chicks being 
predominantly higher than FO. 
5.3.9 Ileum Fatty Acid Composition on Day of Hatch 
 The fatty acid composition of the ileum is shown in tables 14 and 15.  There 
was no significant difference in day 0 ileal tissue for diet for ALA.  For LA, there was 
a significant difference among all 3 treatment groups, with SO being highest and YG 
being lowest (P<0.001).  Saturated fatty acids were highest in YG and lowest in SO.  
Monounsaturated fatty acids were highest in YG and FO.  The LCFA composition of 
the ileum is shown in table 15.  The AA content of the ileum was highest in SO and 
lowest in FO, with there being a significant difference among the 3 groups (P<0.001).  
There was a significant difference in DHA content, with FO being highest and SO 
lowest (P<0.001).  The overall LC n-3 FA content was highest in FO and lowest in 
SO with a significant difference among the 3 treatments (P<0.001) (Figure 17).  
There was no difference in LC n-6 FA content between YG and SO but, FO differed 
from both YG and FO, at significance rate of (P<0.001) (Figure 18).  The ratio of LC 
n-6 to LC n-3 FA was significantly different (P<0.001) among the 3 groups, with SO 
having the largest ratio and FO the lowest (Figure 19). 
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5.3.10 Ileum Fatty Acid Composition of Seven Day old Chicks 
The fatty acid composition of the ileum is shown in table 14 and the LCFA 
composition of the ileum is shown in table 15.  For day 7 ileal tissue there was no 
difference in LA, ALA, SFA, MUFA, AA, or LC n-6 FA content.  There was a 
significant difference in DHA between FO and YG/SO, but no difference between 
YG and SO (P<0.001).  Fish oil was highest in DHA and SO lowest.  The LC n-3 FA 
content was different between FO and YG/SO, but not between YG and SO, with FO 
being highest and SO lowest (P<0.001) (Figure 17).  There was no difference in 
overall LC n-6 FA content (Figure 18).  The ratio of LC n-6 to LC n-3 was different 
among all 3 groups, with SO being greatest and FO lowest (Figure 19). 
5.3.11 Ileum Fatty Acid Composition of Fourteen Day old Chicks 
The fatty acid composition of the ileum is shown in table 14 and the LCFA 
composition of the ileum is shown in table 15.  There was no difference in LA, ALA, 
SFA, MUFA, AA, DHA, LC n-3, or LC n-6 FA in 14 day old ileal tissue (Figure 17 
and Figure 18).  The ratio of LC n-6 to LC n-3 FA remained significantly different 
between FO and YG/SO, but no difference between YG and SO (P<0.001) (Figure 
19).  Chicks from FOl fed hens had the lowest n-6 to n-3 LCFA ratio. 
5.3.12 Liver Fatty Acid Composition on Day of Hatch 
The fatty acid composition of the liver is shown in table 16.  For ALA, SFA, 
and MUFA there was no statistical difference for diet between the 3 treatments.  The 
liver LA content was lowest in fish oil at day 0.  The LCFA composition of the liver 
is shown in table 17.  There was a significant difference for AA across the 3 treatment 68 
 
 
groups with YG being highest and FO lowest (P<0.001).  For DHA, there was a 
significant difference among the 3 groups with FO highest in DHA and SO lowest 
(P<0.001).  The overall LC n-3 FA content was highest in FO and lowest in SO with 
there being a significant difference across all 3 groups (P<0.001) (Figure 20).  There 
was no statistical difference in LC n-6 FA content between YG and SO but there was 
for FO (P<0.001) (Figure 21).  The ratio of LC n-6 to LC n-3 FA was different across 
all 3 treatments with SO highest and FO lowest (P<0.001) (Figure 22). 
5.3.13 Liver Fatty Acid Composition of Seven Day old Chicks  
The fatty acid composition of the liver is shown in table 16 and the LCFA 
composition of the liver is shown in table 17.  There was no significant difference in 
age for LA, ALA, SFA, MUFA, AA, and LC n-6 FA (Figure 21).  There was a 
significant difference for DHA, with FO retaining the highest level at day 7.  The 
overall LC n-3 FA content was significantly different, with FO being highest and no 
significant difference between YG and SO (P<0.001) (Figure 20).  The ratio of LC n-
6 to LC n-3 FA was statistically different among the 3 groups with SO highest and 
FO lowest (P<0.001) (Figure 22). 
5.3.14 Liver Fatty Acid Composition of Fourteen Day old Chicks 
The fatty acid composition of the liver is shown in table 16 and the LCFA 
composition of the liver is shown in table 17.  There was no significant difference in 
diet for LA, ALA, SFA, AA, DHA, LC n-3 FA, or LC n-6 FA (Figure 20 and Figure 
21).  The ratio of LC n-6 to LC n-3 FA was significantly different with FO being 
lowest and no difference between YG and SO (P<0.001) (Figure 22). 69 
 
 
5.3.15 Interluekin-6 Concentrations in Liver on Day of Hatch, Day 
Seven and Day Fourteen 
Liver IL-6 concentrations are shown in table 18 and figure 23.  On the day of 
hatch, chicks from FO diet had the lowest IL-6 in liver (P<0.001).  There was no 
difference between YG and SO chicks liver IL-6 (P<0.001).  There was no significant 
difference between SO and FO at day 7 but, there was a significant difference 
between YG and FO (P<0.001).  Yellow grease had the lowest levels of IL-6 at day 7. 
At day 14 there was no significant difference between the treatments for IL-6 
concentrations in liver.  However, FO exhibited the highest concentration of liver IL-
6 and SO the lowest.  Day did have a significant effect on liver IL-6 levels (P=0.006) 
and the diet day interaction had the greatest effect (P<0.001) on liver IL-6 levels.   
5.3.16 Interluekin-6 Concentrations in Serum on Day of Hatch, 
Day Seven and Day Fourteen 
Serum IL-6 concentrations are shown in table 18 and figure 24.  On the day of 
hatch, there was a significant difference between SO and FO, but no difference 
between SO and YG or between YG and FO (P<0.001).  On day 14, sunflower oil 
had the lowest levels of serum IL-6 and FO the highest.  Diet did not have a direct 
effect (P=0.59) on serum IL-6 levels, but day did have a significant effect (P<0.001).  
There was a diet by day interaction that had a significant effect on serum IL-6 levels 
(P=0.003). 
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5.4 Discussion 
The effect of fatty acid manipulation of the hen diet on yolk fatty acid 
composition has been reported in previous works (Cherian et al. 1991, 1997; Grobas 
et al., 2001).  In this study egg yolks from hens fed a diet consisting of YG or SO had 
higher levels of AA than what was observed in FO (Table 10).  The high 
incorporation of AA into the yolk may be correlated to the high concentrations of LA 
present in the hen diet.  No EPA was observed in FO egg yolk, this may be because 
there is of inefficient transfer from hen diet to the egg yolk or conversion to DHA.   
Higher levels of LC n-3 and LC n-6 FA were seen in egg yolk for all three 
treatments than what was observed in the diet (Figure 8 and Figure 9).  This 
deposition of LC n-3 and n-6 FA into egg yolk occurs from the activity of the hen’s 
elongation and desaturation pathways in the endoplasmic reticulum (ER) before 
deposition into the egg yolk.  This is supported by a deposition of both LA and ALA 
in the egg yolk of hens fed SO.  A smaller amount of LC n-3 was observed in FO 
eggs than seen in the hen diet suggesting that a saturation point for the efficiency of 
transfer from the hen to the yolk of LC n-3 FA can be reached.   
The increase in LC n-6 and LC n-3 FA in the day 0 SO and FO chicks reflects 
the egg yolk FA composition, suggesting that maternal diet has significant impact on 
the PUFA composition of duodenal tissue (Figure 8 and Figure 9).  The influence of 
maternal dietary LC n-6 FA persists through day 14 for all three treatments.  In the 
duodenum of the GIT there was an increase in LA deposition through day 7 for all 
treatments followed by a decrease at day 14 (Table 10).  This may suggest that a 71 
 
 
specific level of LA is required in the duodenum.  Fish oil chicks had the lowest 
levels of LA in the duodenum.  The chick diet is enriched in LA providing an ample 
and easily accessible source of a long-chain FA which may have contributed to the 
increase in LA observed in the duodenal tissue.  The latter is most likely what caused 
the increase due to the fact that chick elongation and desaturation pathways are not 
fully functional during early growth.  What was interesting was the duodenal increase 
in ALA by day 7 despite the low level (4.19%) provided in the chick diet (Table 10).  
Yellow grease chicks showed a 0.93-fold increase in ALA, FO a 0.76, and SO a 0.64.  
Sunflower oil chicks had the highest levels of ALA at hatch and YG the lowest.  This 
does suggest that ALA, or perhaps n-3 FA in general, are needed by the duodenal 
tissue up to day 7.  By day 14 there was a decrease in ALA. 
Hen diet had a significant effect on EPA in the duodenal tissue of chicks up to 
day 7 (Table 11).  This is despite the fact that no EPA was observed in yolk from any 
of the three treatments (Table 9).  Despite this duodenal tissue from FO chicks had 
the highest percentage of EPA and SO the lowest.  This could be due to the fact that 
FO egg yolks had the highest levels of ALA and DHA.  Since elongases and 
desturases are not well developed in embryonic chicks, it is highly probable that the 
yolk sac membrane (YSM) altered available n-3 FA to provide the developing 
duodenum with the appropriate levels of EPA.   
Overall FO chicks had the highest concentrations of LC n-3 FA and the lowest 
concentrations of LC n-6 FA when compared to either SO or YG (Figure 11 and 
Figure 12).  This trend persisted and stayed significantly different through day 14 for 72 
 
 
DHA, LC n-3, LC n-6 and the ratio of LC n-6 to LC n-3 FA.  Not only did the hen 
dietary FA have a significant effect at day of hatch, but there was also a significant 
diet/age interaction for DHA, LC n-3, LC n-6 and the ratio of LC n-6 to LC n-3 FA 
through day 14 (Figure 13).  This is in contrast to data published on other tissues that 
cited no significant difference in tissues such as heart, lung, spleen, and liver past 7 
days (Cherian et al., 2009).  In the current study samples were collected only up to 
day 14 because previous researched showed no difference in progeny tissue FA 
composition as an effect of hen dietary FA past day 7.  It was unexpected to see a 
persistent significant difference in the chick duodenum up to day 14.   
The duodenum is a major site of absorption and digestion of nutrients.  
Cellular turn-over rates are generally 24 to 48 hours in length, making this tissue 
highly active (Stipanuk, 2000).  Therefore, it was very surprising to see the maternal 
diet having such an influence in one of the body’s fastest cellular turn over sites.  One 
would hypothesize that maternal dietary FA composition would have no effect past 
day 7 due to the high turn-over rate.  The persistence of a high percentage of LC n-3 
FA and low percentage of LC n-6 FA suggests a cellular requirement for LC n-3 FA 
in the duodenum.   
Omega-3 FA are known to increase membrane fluidity, aid in formation of 
lipid rafts and helps transduce signals across the lipid bilayer.  It is possible that LC 
n-3 FA undergo some sort of “protected” status in the duodenum in order to facilitate 
the uptake of nutrients across the brush border or to allow certain transmembrane 
proteins better chances to aggregate with one another, further increasing nutrient 73 
 
 
absorption.  Another function of n-3 fatty acids are their ability to form bioactive 
compounds known as eicosanoids.  It is well known in other species that an increase 
in LC n-3 FA can reduce inflammatory pathways and the production of IL-6, where 
an increase in LC n-6 FA has the opposite effect.  Since the gut is a major site of 
foreign protein absorption (foreign proteins are a major trigger of immune response), 
it is especially important to keep inflammation under control.  A high level of LC n-3 
FA may decrease the inflammatory response in the duodenum and further increase the 
level of nutrient absorption and prevent gastrointestinal issues by reducing the 
presence of immune factors.   
Hen diet had a more significant effect on ALA in the jejunum than in the 
duodenum.  In the jejunal tissue there was only a significant difference in LA, ALA, 
and LC n-6 FA on the day of hatch (Table 12 and Figure 15).  However, there was a 
significant diet/age interaction for the above mentioned FA.  Only EPA, DHA, and 
LC n-3 FA maintained significant differences up to day 7 (Table 12 and Figure 14).  
There was a large reduction in FO jejunum for EPA, 7.08% to 0.77%, DHA 6.61% to 
1.97% and LC n-3 14.64% to 3.11% from day of hatch to day 7.  This decrease in LC 
n-3 FA was also observed in YG and SO jejunum, but was not as drastic, most likely, 
due to the fact that there were lower concentrations of LC n-3 FA to draw from.  The 
decrease in LC n-3 FA continued through day 14 for all 3 treatments.  The reason for 
the fast reduction in LC n-3 FA in the jejunum could be from a need for these FA in 
other locations as the chick developed.  It is also possible that LC n-3 FA were used 
for cellular pathways.  A large reduction in LC n-6 FA was observed from day of 74 
 
 
hatch to day 7 in YG 17.66% to 7.13%, SO 14.53% to 6.60%, and to a smaller extent 
in FO 8.92% to 5.76% (Figure 14 and Figure 15).  It is assumed that the smaller 
reduction in LC n-6 observed in FO jejunum is from a smaller percentage at hatch 
and not from the ratio of LC n-6 to LC n-3 which remained significantly different 
through day 14 (Figure 16).  An increase in the ratio of LC n-6 to LC n-3 FA in YG 
and FO and a decrease in the ratio in SO was observed.  The increase in the LC n-6 to 
LC n-3 FA ratio for YG and FO is most likely caused the decrease in jejunal LC n-3 
FA concentrations to day 7.  Sunflower oil jejunum showed an increase in the LC n-6 
to LC n-3 FA ratio at day 7 followed by a decrease by day 14.  For YG the ratio 
decrease continued through day 14, but for FO the ratio increased by day 14, probably 
due to the fact that the LC n-3 FA had dropped to 1.41% from 14.64% whereas the 
LC n-6 FA had only dropped to 4.58% from 8.92%. 
The ileum showed the most resistance to changes in FA composition from 
variations in the maternal diet.  Only EPA, DHA, and LC n-3 FA were significantly 
different up to day 7 (Table 14 and Figure 17).  Only the ratio of LC n-6 to LC n-3 
FA showed a significant difference up to day 14 in the ileum of FO chicks (Figure 
19).  The ratio of LC n-6 to LC n-3 FA increased for FO ileum up to day 14, and 
increased only up to day 7 in YG, followed by an increase by day 14.  Ileum from SO 
chicks showed a decrease in the ratio from day of hatch to day 14.  The increase in 
LC n-6 to LC n-3 ratio in FO ileum could be attributed to decrease of LC n-3 FA, 
from 10.02% at hatch to 1.29% by day 14, versus the slower decrease in LC n-6 
7.75% on day of hatch to 3.20% by day 14 (Figure 17).  The rapid decrease in LC n-3 75 
 
 
FA from the ileum could be attributed to the need for these LC n-3 FA at other sites 
in the developing chick or there could be a bioactive biological reason that we are as 
of yet unaware.   
Liver tissue had significant diet, age, and diet age interaction through day 7 
for EPA, DHA, and LC n-3 FA (Table 17 and Figure 20).  The concentration of LC n-
3 FA showed a decrease across all three treatments up to day 7.  By day 14 both YG 
and FO had increased their levels of LC n-3 FA above what was observed at day 7.  
Fish oil liver showed a decrease in LC n-3 FA up to day 14.  Interestingly the LC n-3 
FA in liver at day 14 were; 3.16%, 3.28%, and 2.80% for YG, FO, and SO 
respectively (Figure 20).  This could indicate that there is a required level of LC n-3 
FA needed by the liver during certain stages in growth.  If we look at the LC n-6 FA 
concentration in liver there is a significant difference between the treatments at day of 
hatch, but by day 7 that disappears (Figure 21).  There were age and age by diet 
interactions that were both significant.   
The most interesting fact is that the LC n-6 FA content in liver from FO 
chicks increases from hatch, 5.60, to 8.17% on day 7 and finally 10.33% at day 14.  
This is in contrast to both YG and SO whose LC n-6 liver content decreases from day 
of hatch to day 7 followed by an increase to above hatch levels by day 14.  Like LC 
n-3 FA this may indicate that a certain level of LC n-6 FA are needed during different 
stages of growth.  It is unknown if the liver requires these concentrations of LC n-3 
and LC n-6 FA at day 14 or if they are being replenished and stored for a later stage 
of life.  The ratio of LC n-6 to LC n-3 FA did remain significantly different through 76 
 
 
day 14 (Figure 22).  Fish oil liver increased its LC n-6 to LC n-3 FA ratio through day 
14, most likely due to the decreasing levels LC n-3 FA.  Both YG and SO had 
increases in their LC n-6 to LC n-3 FA ratios up to day 7 followed by an increase in 
day 14, again this follows the overall trend for LC n-6 and LC n -3 FA in the liver for 
these two treatments. 
A difference was observed in the IL-6 concentrations for liver, with FO chicks 
being lowest on day of hatch and YG chicks highest (Table 18, Figure 23 and Figure 
24).  By day 7 this trend had reversed itself and FO chicks displayed the highest 
levels of IL-6 and YG chicks the lowest.  This trend continued through day 14, where 
FO chicks had the highest levels of liver IL-6 and SO chicks the lowest (Figure 23).  
Serum IL-6 concentrations displayed the same trend, with FO chicks having the 
lowest levels of IL-6 on day of hatch and the highest levels by day 14 (Figure 24).  
The only difference for serum IL-6 from liver IL-6 was that no difference between the 
3 treatment groups was observed for serum IL-6 on day 7. 
 It is currently known that diets high in LC n-3 FA can reduce inflammation 
(Anderson and Ma, 2009).  The effects of early maternal dietary exposure to LC n-3 
FA and its effect on the inflammatory responses are unknown.  Our hypothesis was 
that a maternal diet high in n-3 FA would reduce liver and therefore serum IL-6 
concentrations.  This was the case on day of hatch, the reversal of IL-6 concentrations 
from the LC n-3 FA group was unexpected.  It is possible that by providing the 
offspring with a large amount of LC n-3 FA at an early stage of life the ability of the 
immune system to mount a defense against invading pathogens was inhibited.  77 
 
 
Interleukin-6 aids in the preventing certain types of pathogens from gaining entry into 
macrophages and ‘hijacking’ them.  By reducing the availability of bioactive 
precursors to produce IL-6 we may have primed the system for takeover by these 
pathogens early in life.    
5.5 Conclusions   
  Manipulation of hen dietary FA does affect chick tissue FA composition.  
When available in the diet high levels of n-3 FA are preferentially placed into the 
duodenal, jejunal, ileal, and liver tissue before hatching.  The level of LC n-3 FA in 
the duodenum remained significantly different through day 14 and significantly 
different through day7 in the jejunum, ileum, and liver.  The persistence of LC n-3 
FA in these tissues despite the lack of n-3 FA in the diet gives strong evidence that 
there is a need for LC n-3 FA in these tissues over time.  The level of maternal dietary 
n-3 FA affects the production of IL-6 in the offspring.  High levels of n-3 FA in the 
hen diet caused a decrease in IL-6 at hatching, followed by an increase at days 7 and 
14.  This provides evidence that IL-6 can be altered by dietary FA manipulation.  The 
increase of IL-6 in high n-3 FA chicks was unexpected and could possibly have been 
caused by inhibition of the immune system at hatching, allowing for early infection of 
pathogens, which would then account for the later increase in IL-6 observed. 
  Maternal dietary FA manipulation does alter the FA composition of 
duodenum, jejunum, ileum, and liver of chicks as well as the production of IL-6.  
Further studies will need to be done to determine the long term effects of addition of 
n-3 FA to maternal diets on FA composition of chick tissues and IL-6 production.   78 
 
 
 
 
 
Table 7. Composition of breeder hen experimental diets 
 
  Experimental Diets 
 
Ingredients (%) 
Yellow 
Grease 
Fish 
Oil 
Sunflower 
Oil 
       
Corn  37.45  37.45  37.45 
Wheat middling  29.00  29.00  29.00 
Soybean meal  20.50  20.50  20.50 
Limestone  7.30  7.30  7.30 
Dicalcium phosphate  1.55  1.55  1.55 
Salt  0.35  0.35  0.35 
Vitamin-mineral 
premix
1 
0.35  0.35  0.35 
Oil   
Calculated 
composition 
3.50  3.50  3.50 
ME (Kcal/Kg)  2863  2863  2863 
Crude protein (%) 
Calcium(%) 
Available 
phosphorus 
 
16.2 
3.50 
 
0.46 
 
16.2 
3.50 
 
0.46 
16.2 
3.50 
 
0.46 
       
Yellow grease, fish oil, sunflower oil, represent corn-soybean meal basal diets 
containing 3.50% yellow grease, fish oil, or sunflower oil. 
1Supplied per kg feed: Vit A-12,500 IU; Vit D3-4000 IU; Vit E-25 IU; Vit B12-0.014 
mg; Riboflavin-8 mg; Pantothenic acid-12 mg; Niacin-40 mg; Menadione-2.5 mg; 
Choline-500 mg; Thiamine-1.75 mg; Folic acid-0.75 mg; Pyridoxine-2 mg; d-biotin-
0.15 mg; Ethoxyquin-2.5 g; Manganese-90.4 mg; Zinc-92.4 mg; Selenium-0.264 
mg. 79 
 
 
Table 8.  Fatty acid composition of experimental diet fed to breeder hens and 
progeny chick diet 
  Hen Diet    Chick Diet 
Dietary FA 
(weight %) 
 
Yellow 
Grease 
 
   Fish  
Oil 
Sunflower 
Oil   
Commercial 
Starter 
           
C16:0  14.47  17.98  10.60    14.72 
C16:1  0.92  7.62  0.69    0.00 
           
C18:0  3.71  3.10  3.38    2.58 
           
C18:1  33.74  14.48  26.11    23.02 
           
C18:2 n-6  41.97  25.60  55.60    55.19 
           
C18:3 n-3  4.22  2.83  1.83    4.19 
           
SFA  18.30  27.43  14.63    17.30 
           
MUFA  34.77  23.91  27.08    4.19 
           
C20:3 n-6  0.28  0.17  0.52    0.00 
           
C20:4 n-6  0.06  0.83  0.00    0.00 
           
C20:5 n-3  0.05  9.03  0.00    0.00 
           
C22:4 n-6  0.00  0.00  0.88    0.00 
           
C22:5 n-3  0.00  1.64  0.00    0.00 
           
C22:6 n-3  0.00  7.39  0.00    0.00 
           
LC n-3  0.05  18.06  0.00    0.00 
           
LC n-6  0.68  1.97  0.86    0.00 
           
LC n-6/LC n-3  13.6  0.11  NA    0.00 
Yellow grease, fish oil, sunflower oil, represent corn-soybean meal basal diets 
containing 3.50% yellow grease, fish oil, or sunflower oil.  Saturated fatty acid 
(SFA), monounsaturated fatty acid (MUFA), long-chain (LC), dietary fatty acid 
(Dietary FA). 80 
 
 
Table 9.  Fatty acid composition of yolk from hens fed experimental diets 
 
    Experimental Diet    P-Values 
Egg  
Yolk FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
 
Fish 
Oil 
Sunflower 
Oil 
  SEM 
 
Diet  
 
             
C16:0  0  23.56
b  27.57
a  24.24
b  0.83  0.03 
             
C16:1  0  3.09
b  5.10
a  2.41
b  0.23  <0.001 
             
C18:0  0  9.29
  8.96
  10.59
  0.58  0.20 
             
C18:1  0  37.67
a  34.54
ab  32.07
b  1.36  0.07 
             
C18:2 n-6  0  17.39
b  11.41
c  21.57
a  1.17  0.003 
             
C18:3 n-3  0  0.74
a  0.72
a  0.41
b  0.06  0.01 
             
SFA  0  33.54  38.18  35.48  1.40  0.14 
             
MUFA  0  41.05
a  39.88
ab  34.72
b  1.57  0.06 
             
C20:3 n-6  0  0.35
  0.20
  0.40
  0.07  0.20 
             
C20:4 n-6  0  3.12
a  1.05
b  3.62
a  0.19  <0.001 
             
C20:5 n-3  0  0.00
b  1.01
a  0.00
b  0.04  <0.001 
             
C22:4 n-6  0  0.40
  0.17
  0.48
  0.10  0.14 
             
C22:5 n-3  0  0.19
b  0.81
a  0.12
b  0.05  <0.001 
             
C22:6 n-3  0  1.60
b  6.06
a  0.96
b  0.21  <0.001 
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Saturated fatty acid (SFA), monounsaturated 
fatty acid (MUFA), long-chain (LC), yolk fatty acid (Yolk FA).  
n=6 at day 0 and day 14, n=5 at day 7.81 
 
 
 
Table 10.  Fatty acid composition of duodenal tissue in 0, 7 and 14-day-old chicks 
hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Duodenum 
FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C16:0  0  24.06
a  20.89
b  19.80
b  0.81  0.04  0.12  0.04 
  7  21.93  22.78
  21.86  0.81       
  14  23.80  21.91  23.15  0.81       
C16:1  0  0.90
b  1.07
a  0.43
b  0.20  <0.001  <0.001  0.07 
  7  1.60
b  2.51
a  1.98
b  0.20       
  14  2.08
a  2.39
a  1.35
b  0.20       
C18:0  0  20.75
a  16.98
b  17.78
b  0.48  <0.001  <0.001  0.004 
  7  15.58  15.25  15.50  0.48       
  14  15.62
a  14.08
b  15.71
a  0.48       
C18:1  0  15.98
a  16.84
a  12.90
b  0.61  <0.001  <0.001  <0.001 
  7  16.98
a  15.08
b  14.12
b  0.61       
  14  15.14
b  19.31
a  14.35
b  0.61       
C18:2 n-6  0  18.78
b  16.67
b  27.69
a  1.31  <0.001  <0.001  0.003 
  7  25.79  26.08  28.58  1.31       
  14  25.01  25.78  26.93  1.31       
C18:3 n-3  0  0.17
b  0.40
b  0.76
a  0.13  0.02  <0.001  0.26 
  7  1.10  1.16  1.40  0.13       
  14  0.73  0.86  0.77  0.13       
SFA  0  48.27
a  40.31
b  39.96
c  1.08  0.001  0.02  <0.001 
  7  39.97  40.98  40.43  1.08       
  14  42.37
a  38.98
b  42.03
a  1.08       
MUFA  0  16.89
a  17.91
a  13.33
b  0.74  <0.001  <0.001  <0.001 
  7  18.58
a  17.60
ab  16.10
b  0.74       
  14  17.22
b  21.70
a  15.67
b  0.74       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Saturated fatty acid (SFA), monounsaturated 
fatty acid (MUFA), duodenum fatty acid (Duodenum FA).  
n=6 at day 0 and day 14, n=5 at day 7.82 
 
 
 
Table 11.  Long-chain fatty acid composition of duodenal tissue in 0, 7 and 14-day-
old chicks hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Duodenum 
FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C20:3 n-6  0  0.77  0.61  0.57  0.27  0.28  <0.001  0.71 
  7  1.89  1.88  1.56  0.27       
  14  2.58  1.88  2.14  0.27       
C20:4 n-6  0  19.79
a  7.72
c  13.85
b  0.53  <0.001  <0.001  <0.001 
  7  7.64
a  4.98
b  7.71
a  0.53       
  14  7.01
a  6.08
b  7.71
a  0.53       
C20:5 n-3  0  2.11
b  7.10
a  0.45
c  0.20  <0.001  <0.001  <0.001 
  7  0.46
b  1.11
a  0.52
b  0.20       
  14  0.54  0.45  0.46  0.20       
C22:4 n-6  0  1.89
a  0.42
c  1.25
b  0.17  <0.001  0.53  0.07 
  7  1.52
a  0.75
b  1.38
a  0.17       
  14  1.47
a  0.97
b  1.58
a  0.17       
C22:5 n-3  0  0.57
b  1.09
a  0.24
b  0.05  <0.001  0.001  <0.001 
  7  0.62
b  1.14
a  0.53
b  0.05       
  14  0.52
b  0.68
a  0.56
ab  0.05       
C22:6 n-3  0  4.05
b  7.25
a  1.47
c  0.21  <0.001  <0.001  <0.001 
  7  1.55
b  3.58
a  1.15
b  0.21       
  14  1.28
b  2.02
a  1.05
b  0.21       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Duodenum fatty acid (Duodenum FA).  
n=6 at day 0 and day 14, n=5 at day 7.83 
 
 
 
Table 12.  Fatty acid composition of jejunal tissue in 0, 7 and 14-day-old chicks 
hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Jejunal FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C16:0  0  20.65  20.75  19.46  0.50  0.88  <0.001  0.30 
  7  21.82  21.97  22.20  0.50       
  14  23.80  23.68  24.17  0.50       
C16:1  0  1.42  1.17  0.56  0.36  0.78  <0.001  0.10 
  7  3.20  3.05  4.03  0.36       
  14  4.05  3.94  3.51  0.36       
C18:0  0  17.49
a  17.66
a  15.83
b  0.61  0.16  <0.001  0.28 
  7  12.29  12.27  11.08  0.61       
  14  10.48  9.90  10.64  0.61       
C18:1  0  17.91  16.82  14.77  1.36  0.42  <0.001  0.45 
  7  23.67  22.68  23.47  1.36       
  14  27.87  30.29  27.68  1.36       
C18:2 n-6  0  16.36
b  16.57
b  29.57
a  0.93  <0.001  <0.001  <0.001 
  7  26.12  26.53  27.42  0.93       
  14  23.64  22.68  24.96  0.93       
C18:3 n-3  0  0.27
b  0.27
b  0.82
a  0.58  <0.001  <0.001  <0.001 
  7  1.39
b  1.39
b  1.56
a  0.58       
  14  1.12
  1.13
  1.14
  0.58       
SFA  0  41.41
a  41.61
a  37.96
b  0.57  0.004  <0.001  0.001 
  7  37.26  37.48  35.91  0.57       
  14  37.09  35.99  37.32  0.57       
MUFA  0  19.33  17.99  15.33  1.58  0.48  <0.001  0.35 
  7  26.86  25.73  27.50  1.58       
  14  31.92  34.23  31.19  1.58       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Saturated fatty acid (SFA), monounsaturated 
fatty acid (MUFA), jejunal fatty acid (Jejunal FA).  
n=6 at day 0 and day 14, n=5 at day 7.84 
 
 
 
Table 13.  Long-chain fatty acid composition of jejunal tissue in 0, 7 and 14-day-old 
chicks hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Jejunal FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C20:3 n-6  0  0.44  0.58  0.45  0.90  0.002  <0.001  0.05 
  7  0.64  0.81  0.56  0.90       
  14  0.00
b  0.54
a  0.43
a  0.90       
C20:4 n-6  0  14.70
a  7.25
c  12.23
b  0.55  <0.001  <0.001  <0.001 
  7  4.88  3.76  4.53  0.55       
  14  3.38  3.05  3.25  0.55       
C20:5 n-3  0  1.63
b  7.08
a  0.45
c  0.15  <0.001  <0.001  <0.001 
  7  0.23
b  0.77
 a  0.22
 b  0.15       
  14  0.22  0.27  0.13  0.15       
C22:4 n-6  0  1.41
a  0.55
b  1.42
a  0.10  <0.001  <0.001  0.001 
  7  1.17
a  0.72
b  1.02
a  0.10       
  14  0.78  0.68  0.69  0.10       
C22:5 n-3  0  0.37
b  0.96
a  0.19
b  0.12  0.004  0.007  0.04 
  7  0.19  0.38  0.18  0.12       
  14  0.20  0.29  0.18  0.12       
C22:6 n-3  0  2.97
b  6.61
a  1.15
c  0.20  <0.001  <0.001  <0.001 
  7  0.83
b  1.97
a  0.63
b  0.20       
  14  0.62  0.85  0.49  0.20       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Jejunal fatty acid (Jejunal FA).  
n=6 at day 0 and day 14, n=5 at day 7.85 
 
 
 
Table 14.  Fatty acid composition of ileal tissue in 0, 7 and 14-day-old chicks hatched 
from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Ileum FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C16:0  0  20.75
a  20.30
ab  18.35
b  0.85  0.82  <0.001  0.11 
  7  22.68  23.23  23.98  0.74       
  14  25.36  24.36  25.35  0.74       
C16:1  0  3.06
a  1.81
b  0.77
b  0.45  0.10  <0.001  0.002 
  7  5.03
b  4.64
b  6.18
a  0.39       
  14  5.23  4.96  4.46  0.39       
C18:0  0  18.11
a  15.20
b  15.47
b  0.74  0.07  <0.001  0.03 
  7  10.82
ab  11.16
a  9.02
b  0.64       
  14  8.22  8.14  8.79  0.64       
C18:1  0  21.04  21.73
  18.34
  1.46  0.34  <0.001  0.40 
  7  27.23  27.00  28.11  1.26       
  14  32.44  34.50  32.24  1.26       
C18:2 n-6  0  12.23
c  17.83
b  24.76
a  1.03  <0.001  <0.001  <0.001 
  7  22.76  21.60  21.53  0.89       
  14  20.63  20.38  21.45  0.89       
C18:3 n-3  0  0.58  0.82  0.44  0.22  0.72  <0.001  0.82 
  7  1.40  1.41  1.44  0.19       
  14  1.16  1.17  1.15  0.19       
SFA  0  43.75
a  40.04
b  37.84
c  0.69  0.41  <0.001  0.12 
  7  36.36  37.64  35.86  0.69       
  14  36.04  34.51  36.43  0.69       
MUFA  0  24.10
a  23.54
a  19.10
b  1.73  0.30  <0.001  0.12 
  7  32.26  31.64  34.29  1.50       
  14  37.67  39.45  36.70  1.50       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Saturated fatty acid (SFA), monounsaturated 
fatty acid (MUFA), ileum fatty acid (Ileum FA).  
n=6 at day 0 and day 14, n=5 at day 7.86 
 
 
 
Table 15.  Long-chain fatty acid composition of ileal tissue in 0, 7 and 14-day-old 
chicks hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Ileum FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C20:3 n-6  0  3.12
a   0.91
b   0.50
b  0.20  <0.001  <0.001  <0.001 
  7  0.49  0.67  0.51  0.17       
  14  0.56  0.39  0.45  0.17       
C20:4 n-6  0  8.35
b  5.45
c  13.17
a  0.80  <0.001  <0.001  <0.001 
  7  4.04  2.95  3.93  0.69       
  14  2.31  2.12  2.32  0.69       
C20:5 n-3  0  1.38
b  4.54
a  0.54
c  0.21  <0.001  <0.001  <0.001 
  7  0.30
ab  0.78
a   0.25
b  0.18       
  14  0.16  0.19  0.15  0.18       
C22:4 n-6  0  1.48
a  0.66
b  1.81
a  0.16  <0.001  <0.001  0.02 
  7  1.00  0.60  1.00  0.14       
  14  0.65  0.48  0.61  0.14       
C22:5 n-3  0  0.43
b  1.11
a  0.19
c  0.05  <0.001  <0.001  <0.001 
  7  0.25
b  0.56
a   0.24
b  0.04       
  14  0.15  0.22  0.15  0.04       
C22:6 n-3  0  2.78
b  4.38
a  1.06
c  0.27  <0.001  <0.001  <0.001 
  7  0.73
b  1.61
a   0.51
b  0.23       
  14  0.38  0.88  0.35  0.23       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Ileum fatty acid (Ileum FA). 
n=6 at day 1 and day 14, n=5 at day 7.87 
 
 
 
Table 16.  Fatty acid composition of liver tissue in 0, 7 and 14-day-old chicks 
hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Liver FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C16:0  0  10.91  11.51  11.51  1.22  0.67  <0.001  0.94 
  7  22.44  22.88  23.34  1.22       
  14  20.98  20.98  22.32  1.22       
C16:1  0  0.97  1.73  1.01  0.39  0.02  <0.001  0.15 
  7  3.74  3.99  4.77  0.39       
  14  1.99
b  3.74
a  3.20
a  0.39       
C18:0  0  14.22  12.45  12.16  1.17  0.11  <0.001  0.09 
  7  15.47  17.15  15.63  1.17       
  14  23.24
a  17.92
b  19.78
b  1.17       
C18:1  0  38.89  39.44  42.41  2.79  0.59  <0.001  0.10 
  7  32.05  26.58  31.21  2.79       
  14  16.50
b  26.47
a  20.70
ab  2.79       
C18:2 n-6  0  13.07
ab  11.51
b  16.0
a  1.14  0.16  0.03  0.13 
  7  13.49  13.29  12.05  1.14       
  14  16.43  13.97  15.87  1.14       
C18:3 n-3  0  0.24  0.34  0.26  0.04  0.47  0.41  0.44 
  7  0.34  0.35  0.28  0.04       
  14  0.30  0.28  0.31  0.04       
SFA  0  26.00  24.77  23.50  2.00  0.74  <0.001  0.53 
  7  38.82  41.45  40.09  2.00       
  14  45.80  41.63  43.39  2.00       
MUFA  0  41.38  43.21  45.97  2.91  0.32  <0.001  0.09 
  7  35.98  31.15  36.16  2.91       
  14  18.70
b  30.52
a  24.02
ab  2.91       
 
a-b Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Saturated fatty acid (SFA), monounsaturated 
fatty acid (MUFA), liver fatty acid (Liver FA).  
n=6 at day 0 and day 14, n=5 at day 7.88 
 
 
 
Table 17.  Long-chain fatty acid composition of liver tissue in 0, 7 and 14-day-old 
chicks hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
Liver FA 
(weight %) 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
C20:3 n-6  0  0.52  0.34  0.42  0.15  0.19  <0.001  0.003 
  7  1.13
b  1.59
a  1.11
b  0.15       
  14  2.29
a  1.44
b  1.81
b  0.15       
C20:4 n-6  0  11.68
a  4.83
c  9.11
b  0.84  <0.001  <0.001  0.04 
  7  6.79  5.54  7.18  0.84       
  14  10.47
a  7.81
c  10.24
b  0.84       
C20:5 n-3  0  0.29
b  2.71
a  0.19
b  0.11  <0.001  <0.001  <0.001 
  7  0.30
b  0.73
a  0.27
b  0.11       
  14  0.59  0.42  0.29  0.11       
C22:4 n-6  0  0.59
ab  0.20
b  0.66
a  0.14  0.003  0.03  0.44 
  7  0.49  0.32  0.59  0.14       
  14  1.06
a  0.44
b  0.76
ab  0.14       
C22:5 n-3  0  0.46
b  0.84
a  0.31
c  0.05  <0.001  <0.001  <0.001 
  7  0.28
b  0.47
a  0.26
b  0.05       
  14  0.44  0.33  0.40  0.05       
C22:6 n-3  0  5.22
b  10.72
a  3.17
c  0.60  <0.001  <0.001  <0.001 
  7  1.88
b  4.40
a  1.45
b  0.60       
  14  1.13  2.54  2.11  0.60       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow grease, 
fish oil, sunflower oil, represent corn-soybean meal basal diets containing 3.50% 
yellow grease, fish oil, or sunflower oil.  Liver fatty acid (Liver FA).  
n=6 at day 0 and day 14, n=5 at day 7.89 
 
 
 
Table 18.  Interleukin-6 concentration in liver tissue and in serum in 0, 7 and 14-day-
old chicks hatched from hens fed experimental diets 
 
    Experimental Diet    Probability Values 
       IL-6 
 
 
Age 
(days) 
 
Yellow 
Grease 
Fish  
Oil 
Sunflower 
Oil 
  
SEM 
 
Diet  
 
Age 
 
 
Diet x 
Age 
                 
   Liver  0  3.80
a  2.66
b  3.42
a  0.71  0.92  0.006  <0.001 
    (µg/g)  7  2.64
b  3.27
a  3.16
ab  0.55       
  14  3.57
ab  3.93
a  3.27
b  0.57       
                 
  Serum  0  5.83
a  5.27
b  6.18
a  0.47  0.63  <0.001  <0.001 
  (pg/mL)  7  6.92  6.92  6.68  0.67       
  14  7.12
ab  7.32
a  6.82
b  0.39       
 
a-c Means within a row with no common superscript differ (P<0.05).  Yellow Grease, 
Yellow grease, fish oil, sunflower oil, represent corn-soybean meal basal diets 
containing 3.50% yellow grease, fish oil, or sunflower oil.  Interleukin-6 (IL-6), n=6.90 
 
 
 
 
 
Figure 8. Long-chain n-3 fatty acid composition (in g/100 g fatty acids) of yolk from 
eggs hens fed experimental diets. 
a-b Means significantly different (P<0.05).  Data shown as mean ± SE, n=4. 
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Figure 9. Long-chain n-6 fatty acid composition (in g/100 g fatty acids) of yolk from 
eggs hens fed experimental diets. 
a-c Means significantly different (P<0.05).  Data shown as mean ± SE, n=4. 92 
 
 
 
 
 
Figure 10. Ratio of long-chain n-6 to n-3 fatty acid composition (in g/100 g fatty 
acids) of yolk from eggs hens fed experimental diets. 
a-c Means significantly different (P<0.05).  Data shown as mean ± SE, n=4. 93 
 
 
 
 
 
Figure 11. Long-chain n-3 fatty acid composition (in g/100 g fatty acids) of duodenal 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 94 
 
 
 
 
 
Figure 12. Long-chain n-6 fatty acid composition (in g/100 g fatty acids) of duodenal 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 95 
 
 
 
 
 
Figure 13. Ratio of long-chain n-6 to n-3 fatty acid composition (in g/100 g fatty 
acids) of duodenal tissue in 1, 7 and 14-day-old chicks hatched from hens fed 
experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 96 
 
 
 
 
 
Figure 14. Long-chain n-3 fatty acid composition (in g/100 g fatty acids) of jejunal 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 97 
 
 
 
 
 
Figure 15. Long-chain n-6 fatty acid composition (in g/100 g fatty acids) of jejunal 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 98 
 
 
 
 
 
Figure 16. Ratio of long-chain n-6 to n-3 fatty acid composition (in g/100 g fatty 
acids) of jejunal tissue in 1, 7 and 14-day-old chicks hatched from hens fed 
experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7.99 
 
 
 
 
 
Figure 17. Long-chain n-3 fatty acid composition (in g/100 g fatty acids) of ilea 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 100 
 
 
 
 
 
Figure 18. Long-chain n-6 fatty acid composition (in g/100 g fatty acids) of ilea 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-b Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 101 
 
 
 
 
 
Figure 19. Ratio of long-chain n-6 to n-3 fatty acid composition (in g/100 g fatty 
acids) of ilea tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental 
diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 102 
 
 
 
 
 
Figure 20. Long-chain n-3 fatty acid composition (in g/100 g fatty acids) of liver 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7.103 
 
 
 
 
 
Figure 21. Long-chain n-6 fatty acid composition (in g/100 g fatty acids) of liver 
tissue in 1, 7 and 14-day-old chicks hatched from hens fed experimental diets. 
a-b Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 104 
 
 
 
 
 
Figure 22. Ratio of long-chain n-6 to n-3 fatty acid composition (in g/100 g fatty 
acids) of liver tissue in 1, 7 and 14-day-old chicks hatched from hens fed 
experimental diets. 
a-c Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6 at 
day 0 and day 14, n=5 at day 7. 105 
 
 
 
 
 
Figure 23. Interleukin-6 concentration in liver tissue (µg/g of wet tissue) in 1, 7 and 
14-day-old chicks hatched from hens fed experimental diets (log transformed). 
a-b Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6. 106 
 
 
 
 
 
Figure 24. Interleukin-6 concentration in serum (pg/mL) in 1, 7 and 14-day-old 
chicks hatched from hens fed experimental diets (log transformed). 
a-b Means differ for each cluster of bars (P<0.05).  Data shown as mean ± SE, n=6. 
 107 
 
 
6 Overall Conclusions 
 
Two  experiments  were  conducted  that  examined  the  effects  of  different 
maternal dietary fatty acids on egg production, egg quality, chick quality, chick 
tissue fatty acid (FA) composition, and IL-6 production. 
In experiment one, we examined the effects of differing maternal dietary 
fatty acids (FA) on Ross broiler hen egg production, egg quality, chick weight at 
hatching, and organ weight.  The dietary FA used were all oil based and were flax, 
fish,  and  safflower,  and  were  included  in  the  three  treatment  diets  at  a  rate  of 
3.50%.  The maternal diet affected the deposition of FA into egg yolk, with their 
being a significant difference in linoleic acid (LA) across all three treatments. Both 
safflower (SF) and fish oil (FO) treatments contained no ʱ-linolenic acid (ALA), 
but flax (FL) did.  Both the omega-6 (n-6) and omega-3 (n-3) overall long-chain 
(LC) (greater than 18 carbons in length) FA content was different across all three 
treatments.  Fish oil fed hens had the lowest egg production, a trend toward lower 
weight eggs and produced eggs with smaller yolks.  Flax oil fed hens produced the 
heaviest chicks, whereas fish oil fed hens produced the smallest.  The yolk sac 
weight was lowest in SF fed hens. 
In  the  second  experiment  we  examined  the  effects  of  maternal  diets 
containing either 3.5 % fish oil (FO), sunflower oil (SO), or yellow grease (YG) 
(meant as a control), on chick tissue FA composition and IL-6 production in liver 
and serum.  Eggs from the YG and FO diets did not differ in their ALA content, but 
SO eggs were lowest.  Eggs from all 3 treatments had differing levels of LA.  Both 108 
 
 
the LC n-3 and LC n-6 FA content in yolk was similar in YG and SO, but FO was 
significantly greater in LC n-3 FA and lower in LC n-6 FA.  The duodenum of 
hatched chicks showed a significant difference in the LC n-3 and LC n-6 FA up to 
day 14.  During growth the jejunum, ileum, and liver had differing LC n-3 FA 
content up to day 7.  The LC n-6 FA content of the jejunum, ileum, and liver was 
only different on day of hatch.  The hepatic and serum IL-6 content was greatest in 
SO chicks and lowest in FO chicks.  By day 14 the trend had reversed and FO 
chicks had the highest hepatic and serum levels. 
The  ability  to  influence  offspring  tissue  FA  composition  and  thereby 
influence cytokine production through manipulation of maternal dietary PUFA has 
great promise.  By addition or removal of maternal dietary PUFA we have the 
potential  to  alter  the  offspring’s  physiological  response  to  stimulus.    Through 
alterations of biochemical and physiological pathways we can predispose a chick’s 
immune  system  to  an  increased  or  a  decreased  inflammatory  response  and 
potentially  limit  the  level  of  inflammation  when  exposed  to  external  stressors 
(Shini et al. 2010).  We can also increase or limit the level of LCFA in the gut and 
other tissues.  The gut, especially the duodenum, appears to have an affinity for LC 
n-3 FA.  Long-chain n-3 FA were present at significant levels in the duodenum 
even up to day 14 when all other tissues were being depleted of these FA.  This 
suggests that there is an important biological role played by the LC n-3 FA in this 
tissue that is yet undetermined.  Further research is needed to discover the length of 
time these FA persist in the duodenum despite a lack of them in the diet and its 109 
 
 
effect  on  nutrient  absorption.    This  research  shows,  only  in  part,  the  powerful 
influence that maternal dietary PUFA have on the offspring.   110 
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